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RESUMO

As fosfodiesterases humanas (PDEs) compreendem uma complexa super familia
de enzimas derivadas de 21 genes e separadas em onze isoformas (PDE 1 - 11),
difundidas nos diferentes tecidos e células, incluindo coragdo e cérebro. As isoformas
PDE 4, 7 e 8 sdo especificas para a cAMP. Esse segundo mensageiro € responsavel pela
mediacdo de diversas agodes fisiologicas, envolvendo diferentes hormonios e
neurotransmissores. A via cAMP desempenha um importante papel no desenvolvimento
e funcdo dos tecidos enddcrinos. Ja as fosfodiesterases sdo responsaveis por assegurar a
adequada intensidade das ac¢des dessa via, uma vez que sdo enzimas responsaveis pela
hidrélise de cAMP em sua forma inativa 5’-AMP. O objetivo desse trabalho ¢ estudar a
expressao de fosfodiesterases da familia 4A em adenomas hipofisarios esporadicos e em
adenomas hipofisarios com diferentes mutagdes do gene que codifica a proteina de
interagdo com o receptor aril hidrocarbono (AIP). Foram incluidos no estudo, cortes de
amostras em blocos de parafina obtidas através de bidpsias de adenomas hipofisarios,
sem mutagdo do AIP, representativos de cada um dos principais subtipos de adenomas:
secretores de hormonio do crescimento (GH); secretores de prolactina (PRL); secretores
de hormdnio adrenocorticotrofico (ACTH); adenomas clinicamente ndo funcionantes
positivos para FSH (NFPAs). Também foram incluidas amostras de adenomas
secretores de hormonio do crescimento (GH) com mutacdo AIP (Q164X, INS274,
R304X, R304Q, Glu2228, Unusual) e hipofises normais. Os cortes foram duplamente
marcados pela técnica de imunofluorescéncia para a co-localizacdo de PDE4A nos
diferentes tipos celulares da hipofise, a leitura das laminas foi realizada em microscopia
de confocal e as imagens analisadas pelo software Imagel. Ambas as isoformas de
PDE4A analisadas nesse estudo sdo presentes nos diferentes tipos celulares

constituintes da hipofise humana. O padrao de expressao dessas PDEs variaram de
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acordo com o tipo celular, sendo que para PDE4A4 a expressao em células hipofisarias
normais secretoras de GH e FSH foi maior do que em células secretoras de ACTH e
PRL. J& para PDE4AS, a expressao foi maior em células secretoras de PRL, GH e FSH.
Entretanto, indepedente da isoforma de PDE4A a expressao de PDE ¢ aumentada em
todos os adenomas hipofisarios esporadicos (P<0,0001). Ja nas amostras de tumores
secretores de GH com mutacdes do gene AIP a expressdao das PDEs varia dependendo
da mutacdo. Esses dados sugerem pela primeira vez que as duas isoformas apresentadas
nesse estudo estdo expressas no tecido da hipofise humana normal; que a expressao
aumentada de PDEs em adenomas hipofisarios esporadicos possa ser uma resposta
compensatdria a tumorigénese; e que a expressdo de PDEs em tumores hipofisarios ¢
interrompida por vérias mutagcdes AIP, sugerindo um papel putativo desta isoforma na

tumorigénese hipofisaria, e possivelmente contribuindo para a perda de func¢do do AIP.
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ABSTRACT

Human phosphodiesterases (PDEs) comprise a complex superfamily of enzymes
derived from 21 genes separated into 11 PDE gene families (PDEs 1-11), diffused in
different tissues and cells, including heart and brain. The isoforms PDE 4, 7 and 8 are
specific for cAMP. This second messenger is responsible for mediating diverse
physiological actions involving different hormones and neurotransmitters. The cAMP
pathway play an important role in development and function of endocrine tissues.
Already phosphodiesterases are responsible for ensuring the appropriate intensity of the
actions of this pathway, as they are enzymes responsible for hydrolysis of cAMP in its
inactive form 5'-AMP. The objective of this work is to study the expression of
phosphodiesterase 4A family in sporadic pituitary adenomas and pituitary adenomas
with different mutations of the gene encoding the aryl hydrocarbon receptor interacting
protein (AIP). Paraffin sections samples obtained by pituitary adenomas biopsies
without mutation the AIP, representing each of the principal subtypes of adenomas:
GH-secreting tumour; PRL-secreting tumour, ACTH-secreting tumour and non-
functioning pituitary tumour positive for FSH (NFPAs) were included in the study. Also
included samples of GH-secreting tumours with AIP mutation (Q164X, INS274,
R304X, R304Q, Glu2228, Unusual) and normal pituitary. The samples were subjected
to the double immunofluorescent staining for co-location PDE4A in different cell types
of pituitary. The analysis were in confocal microscopy and the images analyzed by
ImageJ software. Both PDE4A isoforms analyzed in this study are present in different
cellular types of human pituitary. The expression pattern of these PDEs varied
according to cell type. PDE4A4 expression was higher in GH and FSH normal pituitary
cells while for PDE4AS8, the expression was higher in the normal PRL, GH and FSH

pituitary cells.



XV

However, indepedent of the isoform of PDE4A, the expression is increased in all
sporadic pituitary adenomas (P <0.0001). In the GH-secreting tumors with AIP
mutation the expression of PDEs varies depending upon the mutation. These data
suggest for the first time that both isoforms presented in this study are expressed in the
tissue from human normal pituitary; the increased expression of PDEs in sporadic
pituitary adenomas may be a compensatory response to tumorigenesis; and PDEs
expression in pituitary tumors is interrupted by several AIP mutations, suggesting a
putative role of this isoform in pituitary tumorigenesis, and possibly contributing to the

loss of AIP function.
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A Glandula Hipéfise

A hipofise estd anatomicamente localizada no osso esfenoide, mais precisamente
na sela tarcica. Dentre as demais glandulas enddcrinas, a hipdfise possui fundamental
importancia por estar envolvida no controle de diversos processos, tais como:
crescimento, desenvolvimento e reprodu¢do do individuo, equilibrio metabdlico, entre
outras fungdes. Isso ocorre via producao e secre¢ao de seis hormdnios: de crescimento —
GH (células hipofisarias do tipo somatotrofo), tireo-estimulante — TSH (tireotrofo),
adrenocorticotréfico — ACTH (corticotrofo), prolactina — PRL (lactotrofo), luteinizante
— LH e foliculo estimulante — FSH (gonadotrofo).

Essa glandula endocrina ¢ dividida em lobulo anterior (adenohipéfise) e 16bulo
posterior (neurohipofise). As células da adenohipdfise sdo as responsaveis pela
producao e secre¢cdo de GH, TSH, ACTH, PRL, LH e FSH, enquanto que a
neurohipéfise ndo produz nenhum hormonio e ¢ apenas responsavel por armazenar e
secretar hormonios sintetizados pelo hipotdlamo (oxitocina e hormdnio antidiurético —
ADH). O sistema de sinalizag¢do hipotalamica ¢ uma importante diferenca entre a adeno
e a neurohipoéfise. O hipotdlamo € composto por neurdnios longos que se estendem até a
neurohipdfise, onde secretam diretamente hormonios e neurotransmissores. Em
contrapartida, a comunicagdo hipotdlamo-adenohipodfise ocorre através de um plexo
vascular, o sistema porta hipotdlamo-hipofise. Primeiramente nucleos especificos do
hipotdlamo secretam seus hormonios na eminéncia medial. Esses hormonios
hipotalamicos sao transportados pelos vasos do sistema porta hipotadlamo-hipofise até a
adenohipofise, onde cada tipo de célula hipofisaria (somatotrofo, tireotrofo,
corticotrofo, lactotrofo e gonadotrofo) expressa receptores hormonais especificos (GH-
R, TSH-R, ACTH-R, PRL-R, LH-R e FSH-R). Sendo assim, podemos dizer que o

hipotalamo regula o funcionamento da adenohipofise de uma forma bem especifica. (1)



Tumores Hipofisarios

A grande maioria dos tumores hipofisarios apresenta ocorréncia esporadica,
porém tumores hipofisarios familiares podem ocorrer associados a sindromes
envolvendo outras glandulas enddcrinas (neoplasias enddcrinas multiplas — NEM — e
complexo de Carney) ou em casos onde a doenga envolve somente a glandula hipofise
(predisposi¢ao familiar a adenomas hipofisarios — FIPA) (2).

Apesar de representarem 5% do total dos tumores esporadicos em geral, estudos
para a descoberta de genes associados a tumorigénese enddcrina em tumores
hipofisarios familiares podem ser importantes (3).

Os tumores hipofisarios geralmente apresentam hipersecrecdo dos hormonios
hipofisarios ¢ sdao denominados de acordo com o hormdénio produzido: tumores
secretores de GH (somatotropinomas), secretores de PRL (prolactinomas), secretores de
ACTH (corticotropinomas), secretores de TSH (tireotropinomas, secretores de
gonadotropinas (gonadotropinomas, LH ou FSH) e co-secretores. Existem também os
tumores hipofisdrios ndo funcionantes ou ndo secretores (NFPAs), que sdo assim
chamados por ndo produzirem sindromes clinicas de hipersecrecdo hormonal. Os
adenomas hipofisarios também podem ser classificados quanto ao seu tamanho:
microadenomas (< 1 cm) e macroadenomas (> 1 cm). A idade média de diagndstico é
de 30-40 anos para tumores esporadicos enquanto que nos casos com historico familiar
esse diagnostico tende a ser feito mais precocemente, abaixo dos 30 anos (3).

Estima-se que aproximadamente 10% da populagdo apresente anomalias
hipofisarias compativeis com adenomas silenciosos. A prevaléncia de incidentalomas de
hipoéfise diagnosticados por imagem varia de 3,7 a 20% (4). Séries de autopsias
revelaram que 6 a 22% dos individuos investigados possuiam massas hipofisarias

compativeis com tumores (5).



Dados epidemiologicos indicam que a prevaléncia dos tumores hipofisarios
sintomaticos ¢ cerca de 1/1.000 (3), sendo que os prolactinomas sao os os adenomas
com maior prevaléncia (40 a 50%), seguidos pelos adenomas clinicamente ndo
funcionantes (35%), somatotropinomas (acromegalia — 10 a 20%) e corticotrofinomas

(5 2 10%). Ja os gonadotrofinomas / tireotropinomas sao considerados raros (6-8).

A Via do AMP ciclico - cAMP

A hipoéfise ¢ uma glandula alvo de diferentes neuro hormodnios, que possui
fungdo crucial no controle da diferenciacdo / proliferagao celular além da secregao
hormonal através do reconhecimento especifico da super familia de receptores
acoplados a proteina G (GPCR) (9, 10).

Apos secretado, o hormonio estimulante acopla-se a proteina G na célula de
interesse e ocorre uma alteracdo conformacional. A subunidade Gsa ¢ liberada do
complexo e liga-se a adenil-ciclase, que catalisa entdo a conversdo de ATP no segundo
mensageiro 3,5’ monofosfato ciclico (cAMP). Esse composto ativa uma cascata de
outras enzimas, amplificando assim a reagdo celular (11).

O segundo mensageiro — cAMP — estd envolvido na regulacdo de diversas
funcdes celulares relacionadas com a fosforilagdo da proteina através da ativacdo da
Proteina quinase A (PKA) (9, 11). A elevagdo nos niveis de cAMP intracelular leva a
dissociacdo da subunidade catalitica da subunidade reguladora da PKA. Essa proteina
quando ativada pode entdo fosforilar uma série de alvos que regulam enzimas efetoras,
canais de ions, e ativa a transcri¢ao de genes especificos que medeiam o crescimento e
diferenciagdo celular (Figural). As fosfodiesterases sdo reguladoras da via do cAMP,

visto que sdo capazes de hidrolisar o cAMP para sua forma inativa 5'-AMP, principal



via para a inativacdo de cAMP para assegurar a adequada intensidade das agdes dessa
via (12).

A medida que o efeito afeta a proliferagdo celular, cAMP pode ou ndo
influenciar, deter ou até mesmo suprimir a agdo mitogénica de fatores de crescimento
em algumas linhagens de células ou, inversamente, promover a transi¢ao de GO para G1
e estimular o crescimento celular em outras (13, 14).

Ainda ndo se sabe por que a cascata de cAMP pode ter tanto um papel
proliferativo em algumas células (linhagem somatotrofica) ou antiproliferativo em
outras (linhagem gonadotrofica) (9).

A via de cAMP desempenha um papel importante no desenvolvimento e fungao
dos tecidos endocrinos. Qualquer alteragao nessa via provoca inimeros disturbios no
sistema endocrino. Diversas mutagdes genéticas da via de sinalizacdo do cAMP estdo
descritas na literatura. Como exemplo podemos citar mutagdes de ativacdo do gene que
codifica para o receptor de TSH (TSHR) em adenomas toxicos de tiredide (15) e do
receptor de calcio na hipocalcemia familial (16). Pode-se citar também a sindrome de
McCune-Albright (17) e adenomas hipofisarios esporadicos (secretores de GH) (18) nos
quais ¢ descrita uma mutagdo estimulatoria da subunidade a da proteina Gs. Mutagdes
na via do cAMP também sdo descritas no complexo de Carney (conhecido por predispor
a neoplasias de tiredide, hipofise, adrenais e testiculos), no qual ja foram descritas
mutacoes inativadoras do PRKARIA, responsavel por codificar a subunidade
regulatéria 1 da proteina quinase dependente de cAMP - A (PKA) (19).

As fosfodiesterases desempenham importante papel regulador na via do cAMP e
da guanosina monofosfato ciclica (¢cGMP), através da inativagdo por hidrolise de cAMP

em 5’ AMP ou de cGMP em 5 GMP (dependendo da PDE envolvida).
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Figura 1 — O papel da fosfodiesterase na via do cAMP. Adaptado de (11). O receptor
acoplado a proteina G ¢ ativado por um ligante extracelular (por exemplo um
hormonio), o que ocasiona uma alteragdo conformacional do receptor. A subunidade
Gsa se desprende do complexo, liga-se a adenil-ciclase, que catalisa a conversdo de
ATP em cAMP. A elevagao de cAMP intracelular leva a dissociacdo da subunidade
catalitica da subunidade regulatéria da proteina quinase A. A ativagdo da proteina
quinase A pode entdo fosforilar uma série de alvos que regulam o fluxo de enzimas
efetoras e canais i6nicos, bem como ativa a transcrigdo de genes especificos que
exercem papel no crescimento e diferenciacdo celular. As PDEs sdo fundamentais na
regulagdo dessa via, uma vez que ¢ a unica capaz de hidrolisar o cAMP para sua forma
inativa 5’-AMP. Abreviaturas: CREB - proteina de ligacdo ao elemento de resposta

cAMP; cAMP — adenosina monofosfato ciclico; 5’-AMP — 5’ adenosina monofosfato.



As Fosfodiesterases — PDEs

As PDEs humanas compreendem uma complexa super familia de enzimas
derivadas de 21 genes e separadas em onze isoformas (PDE 1 - 11), difundidas nos
diferentes tecidos e células, incluindo coragdo e cérebro (Figura 2). A transcri¢ao
génica, a partir de diferentes locais de iniciagdo de RNAs mensageiros, resulta na
geragao de aproximadamente 100 isoformas diferentes de proteinas de PDE, que podem
ser encontradas em todas as células e em diversos compartimentos intracelulares.

As distintas isoformas de PDE possuem diferengas cinéticas, de distribui¢ao e
susceptibilidade a inibicdo farmacologica bem como certa seletividade aos diferentes
substratos (cAMP e cGMP). Apesar de possuirem intmeras diferencas, as PDEs
possuem caracteristicas estruturais em comum. Todas as 11 isoformas possuem um
dominio catalitico conservado, de aproximadamente 300 aminodacidos, localizado na
porcdo C-terminal e regides de regulacdo varidveis na por¢do N-terminal. Em
mamiferos, trés das 11 familias de PDE hidrolisam seletivamente cAMP (PDE 4, 7 e 8),
trés familias sdo seletivas para cGMP (PDE 5, 6 ¢ 9), e cinco familias apresentam

especificidade para ambos, porém a eficiéncia ¢ variavel (PDEs 1, 2, 3, 10, e 11).
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Figura 2 — Representagdo das 11 familias de fosfodiesterase humanas. Adaptado de
(11). A principal caracteristica estrutural na familia PDE4 e que a difere das demais
isoformas, ¢ a presen¢a de dois dominios upstream conserved region na regido N-
terminal (UCR1 e UCR2). Esses dominios tém sido demonstrados como modulos
necessarios a ativacdo de PDE4 sobre fosforilagdo pela proteina quinase A (PKA). A
familia PDE4 também possui estruturas em comum a outras isoformas da familia, tais
como: o dominio GAF, que ¢ responsavel por regular a atividade catalitica das
fosfodiesterases; e o dominio PAS, uma classe onipresente de dominio de transducgao.

Existe uma possivel sobreposicao entre a funcao do dominio GAF e do dominio PAS.



Atualmente sabe-se que seis familias de PDEs possuem papel tanto na fisiologia
como em doencgas endocrinas: PDE1, PDE2 (PDE2A), PDE3 (PDE3A), de PDE4
(PDE4B e PDE4D), PDE8 (PDESA e PDESB), e PDE11 (PDE11A).

E importante salientar que o padrio de expressdo das isoformas de PDEs varia
de acordo com o desenvolvimento, estado proliferativo e estimulos hormonais da célula.

Fisiologicamente, as fosfodiesterases estdo amplamente distribuidas pelas
glandulas enddcrinas (supra-renais, tiredide, hipofise, testiculos e ovarios). Dentre suas
principais propriedades podemos citar: papel na funcdo do espermatozéide (PDE1);
regulacdo da secrecdo de ACTH e aldosterona (PDE2); importante impacto sobre a
lipdlise, glicogenodlise e secre¢do de insulina (PDE3); fertilidade (PDE4B e 4D);
regulagdo da esteroidogénese supra-renal, niveis de TSH e controle de sinalizagdo e
esteroidogénese nas células de Leydig nos testiculos (PDES); e também exerce papel na
producdo de espermetazdides (PDE11) (11, 20).

PDEI1, PDE2, PDE4, e PDE11A sdo as PDEs mais expressas na hipofise. O
papel fisiologico destas PDEs na hipofise humana ainda ndo foi extensamente
investigado (11, 12, 21), porém as fosfodiesterases estdo diretamente relacionadas a
diversos disturbios endocrinolégicos tanto na hipdfise como nas glandulas adrenais,
tireoide, testiculos e ovarios (11) .

O papel das PDEs em doengas do sistema enddcrino ainda € pouco conhecido e
sem dados concretos. Estudos sugerem que PDE2A possa exercer um papel na
patogenese de adenomas hipofisarios secretores de GH devido a interagdo proteica entre
AIP e essa fosfodiesterase (22). Quanto a PDE4, infere-se que essa possa ter papel no
adenoma tireoideano toxico autonomo devido a uma mutacdo de Gsa ou de receptores
de TSH (23). J& na hipofise, presume-se que a familia PDE4A possua papel importante

na patogénese de adenomas secretores de GH devido a conhecida interacao entre AIP e
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PDE4AS (isoforma andloga a PDE4A4 humana) (12, 24-26). Quanto a familia PDESB,
estao associadas as predisposi¢des génicas para o desenvolvimento da doenga nodular
pigmentada das supra-renais (27) e, na tiredide, ha associagdo entre PDE8B gene
rs4704397 snp e os niveis circulantes de TSH, a qual pode ser responsavel pelo aumento
de TSH em pacientes com evidéncia de autoimunidade a tiredide e para o
hipotireoidismo subclinico em pacientes gravidas (28). Também podemos citar a familia
PDEI11A, a qual possui expressdo alterada em adenomas hipofisarios secretores de GH
(24); associacdo a predisposicdo genética para o desenvolvimento da doenca nodular
pigmentada das supra-renais (29); PDE11A também ¢ descrito como um modificador de
fenotipo em pacientes com complexo de Carney devido a mutagdes no gene PRKARIA
(30); ja nos testiculos, essa isoforma esta associada a tumores familiares de células
germinativas testiculares (31).

A codificagdo das isoformas de PDE4 em mamiferos ¢ remetida a quatro genes
diferentes (PDE4A, PDE4B, PDE4C e PDE4D) e cada um desses genes codifica
multiplas isoformas, através da utilizagdo de promotores especificos para cada isoforma
e processamento alternativo de RNA mensageiro (32-34).

As PDE4s se diferem de outras familias de PDE por uma identidade na
sequéncia da regido catalitica das proteinas (32-34) e pela presenca de regides de
"assinatura" da sequéncia denominada UCRs (upstream conserved region): UCRI e
UCR?2, localizadas no terco N-terminal das proteinas (35). A Figura 3 demonstra
esquematicamente a estrutura de PDE4A4 ¢ PDE4AS.

Podemos dividir as varias isoformas codificadas por um unico gene em trés
grupos: isoformas ‘longas’ que contém tanto UCR1 e UCR2, isoformas "curtas" que
nao possuem UCRI1, mas incluem UCR2 e isoformas 'super-curtas' que nao possuem

UCRI1 e contém um UCR?2 truncado (21).
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Figura 3 — Representacao esquematica de PDE4A4 e PDE4AS. UCR1 e UCR2 - upstream conserved region; LR1 e LR2 — regides ligantes.
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Em 2008 foi descrita a clonagem, seqiiéncia, expressdo e propriedades
funcionais da isoforma que chamamos PDE4AS. Essa ¢ uma isoforma longa da familia
PDE4A com uma regido N-terminal distinta de PDE4A4 humana, PDE4A10 e
PDE4A11l. Foi relatado também sua expressdo em niveis significativos em diversas
regides do cérebro, assim como em outros tecidos (36-38).

PDE4A4 (analoga humana da forma PDE4AS em rato) ¢ uma isoforma expressa
em uma grande variedade de tecidos (pulmao e varias regides cerebrais) (36-39). Essa
isoforma possui UCR1 e UCR2 bem como uma regido N-terminal unica, a qual ¢
altamente conservada em mamiferos e possui 88% de similaridade com a regido N-
terminal de PDE4AS em ratos (37). Esse alto grau de conservagdo entre espécies sugere
que essa regido amino-terminal Unica da isoforma PDE4A4 tem funcdes especificas,
descritas em 2003 por Bolger et al (25).

Comparada a outras isoformas de PDE, PDE4A4 humana associa-se
seletivamente com a proteina AIP (Proteina de interagdio com receptor aril
hidrocarbono) também chamado de XAP2 ou ARA9, um membro da familia das
imunofilinas (25) (Figura 4). O truncamento de sua regido N-terminal altera atividades

enzimadticas e o direcionamento intracelular de proteinas (40, 41).

= — " T T
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Figura 4 — Representagdo esquematica de PDE4A4 e os locais de ligacdo com AIP
(Proteina de interacdo com receptor aril hidrocarbono). UCR1 e UCR2 - upstream

conserved region; LR1 e LR2 — regides ligantes.
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AIP — Proteina de interacao com receptor aril hidrocarbono

O gene AIP contém 6 éxons codificantes, ndo sofre imprinting e ¢ expresso de
forma ubiqua (42). O AIP ¢ um gene que encontra-se localizado no cromossomo
11q13.3 em pacientes com adenomas hipofisarios isolados familiares e, muito
raramente, em casos de tumores hipofisarios esporadicos (2, 12). O AIP consiste em
330 aminodacidos; disposicao estrutural semelhante ao receptor glicocorticoide associado
a imunofilina FKBP52 e imunofilina FKBP12; contém trés dominios tetratricopeptideos
(TPR), que conserva 34 seqiiéncias de aminodcidos e tem papel fundamental nas
interagdes proteina-proteina (26, 43). A Figura 5 demonstra a estrutura da molécula de

AIP humano.

Figura 5 — Desenho PyMol da estrutura da proteina de interagdo com receptor aril

hidrocarbono humano (AIP).

Em 2006, em um estudo de Vierimaa et al, foram identificadas mutagdes
germinativas cldssicas no gene AIP em pacientes finlandeses com predisposi¢do a
adenoma hipofisario, assim como em pacientes com tumores hipofisarios esporadicos.

Além das mutagdes, também foi documentada perda de heterozigose em todos os
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tumores estudados, sugerindo que o gene AIP teria um papel supressor de tumor (2).
Dizemos que um gene supressor de tumor ¢ aquele que quando integro, reduz a chance
de uma célula se tornar um tumor. A inativagdo de tais genes pode ser causada por
mutacoes ou delegdes envolvendo mecanismos genéticos e/ou epigenéticos. A completa
inativacdo de uma proteina supressora de tumor acarreta em um descontrole do ciclo
celular e no desenvolvimento de neoplasias.

O AIP possui varios parceiros tais como: o receptor hidrocarboneto aromatico
(AhR), PDE4AS, PDE2A, survivin, Tom20, virus da hepatite B proteina X, receptor 1
do hormdnio B da tiredide (TRPB1), o virus Epstein-Barr codificado antigeno nuclear 3 e
receptor ativado pelo proliferador de peroxissoma — PPARa (44).

Como exemplo podemos citar o receptor hidrocarboneto aromatico (AhR),
responsavel por medir a resposta celular a uma variedade de componentes xenobioticos,
incluindo dioxinas. O AIP ¢ uma molécula que acompanha AhR e esta relacionada com
a estabilizacdo do complexo citoplasmatico formado por AhR e a proteina chaperona
Hsp-90. Ahr ¢ um fator de transcri¢do que na presenga do AIP ¢ mantido inativo no
citoplasma. Esse complexo pode ser desestabilizado na presenca de cancerigenos ou na
auséncia de AIP, fazendo com que Ahr migre para o ntcleo celular. Uma vez no nucleo
celular, a proteina AIP se desprende do complexo e retorna ao citoplasma, enquanto o
Ahr interage diretamente com regides de DNA promotoras — XRE (Xenobiotic
Regulatory Enhancer), regulando a transcrigcao de diversos genes (45).

Outra possivel participagdo do AIP na tumorigénese hipofisaria pode ocorrer
devido a interagdo com proteinas envolvidas na via de sinalizagdo do AMP ciclico. O
AIP ¢ capaz de interagir in vitro com PDE4A5 (25) e observou-se também que a
proteina AIP com mutagdo perde sua capacidade de interagir com PDE4AS,

possivelmente interferindo na cascata intracelular de cAMP (12). Dessa forma, o gene
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AIP esta inserido na lista de genes conhecidos e amplamente estudados na tentativa de
elucidar a tumorigénese endocrina.

Atualmente, mais de 40 mutagdes diferentes de AIP ja foram identificadas em
pacientes com tumores hipofisarios familiares isolados (Figura 6) e temos também um
numero de amostras dessas mutacdes do AIP que perderam sua fungdo se comparadas a
proteina nativa (43, 46). Existem diferentes tipos de mutacdo do gene AIP descritas, sao
elas: Missense — essa mutagdo causa uma mudanga em um par de bases, a qual resulta
na alteracdo de um aminoacido e consequentemente na sequéncia de proteinas do AIP;
Nonsense — nessa mutagao ¢ observada a inser¢ao de um coédon de parada, fazendo com
que a proteina AIP seja muito mais curta do que deveria ser. Isto provoca um efeito
importante sobre a fungdo da proteina AIP; Delegdes/Inser¢des — um ou mais codons
inteiros sdo excluidos/inseridos, resultando assim na diminuicao/aumento do
comprimento da proteina AIP; Mutacdes de leitura — ocorre quando uma ou duas bases
sdo excluidas/inseridos, fazendo com que todo a leitura do codon mude e, dessa forma,
cada aminodcido seguinte a muta¢do; Promoter — mutacdo na regido promotora que
afeta a regulacdo do gene; Grandes dele¢des — nessa mutacao grande segmento do gene
¢ eliminado, o que resulta na proteina AIP sendo gravemente alterada; Splice Site — essa
mutacdo afeta a montagem do gene e anomalias causadas por tal mutagdes no local de
splice geralmente perturbam severamente a estrutura da proteina.

De qualquer modo, o mecanismo de acdo do AIP permanece desconhecido,
apesar de estabelecido especificamente sua interacdo com o cAMP especifico para

PDE4A4.
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O papel das fosfodiesteras bem como sua expressao na hipofise humana ainda nao foi
extensamente investigado. A grande maioria dos estudos foram realizados em
ratos/camundongos ou culturas celulares. Apesar de serem protocolos validados, a realizagao de
experimentos em humanos ¢ extremamente importante visto que ha diferengas estruturais entre
as isoformas de PDEs de humanos e outras espécies animais.

Sendo assim, a realizacdo do presente estudo mostra-se inédita e importante para a
compreensdo da expressao de isoformas da familia PDE4A em diferentes adenomas hipofisarios
esporadicos bem como em adenomas hipofisarios com mutagdo do gene AIP, visto que inimeros
artigos demonstram a interagcdo entre as fosfodiesterases e essa molécula em ratos/camundongos.
Demonstrar a expressao de PDE4A nesses adenomas pode ser um caminho importante para o

conhecimento da tumorigénese hipofisaria.
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OBJETIVOS
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Objetivo Geral

Estudar a expressao das fosfodiesterases da familia 4A (PDE4A4 e PDE4AS8) em
adenomas hipofisarios esporadicos (secretores de GH, PRL ¢ ACTH e em tumores clinicamente
ndo funcionantes produtores de FSH — NFPAs - sem mutagdo identificada de AIP) e em
adenomas hipofisarios (secretores de GH) com diferentes mutagdes do gene que codifica a

proteina de interagdo com o receptor aril hidrocarbono (AIP).
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MATERIAIS E METODOS
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Consideracoes éticas
Para a realizagdo do presente estudo, o projeto de pesquisa foi previamente aprovado pelo
Comité de Etica em Experimentagdo em Seres Humanos (COEP/UFMG): protocolo ETIC

404/07 e CAAE 43738914.4.00005149 (anexo I).

Grupos de Estudo
Foram incluidos no estudo, adenomas hipofisarios representativos de cada um dos
principais subtipos de adenomas:
(39)
e Secretores de hormonio do crescimento (GH) sem mutacdo identificada de AIP — 7
laminas de diferentes pacientes;
e Secretores de prolactina (PRL) sem mutacdo identificada de AIP — 4 laminas de
diferentes pacientes;
e Secretores de hormonio adrenocorticotréfico (ACTH) sem mutagdo identificada de
AIP — 5 laminas de diferentes pacientes;
e Adenomas clinicamente ndo funcionantes positivos para FSH (NFPAs) sem mutacao
identificada de AIP — 4 laminas de tumores diferentes;
e Secretores de hormonio do crescimento (GH) com mutagao AIP — 12 laminas, sendo
2 laminas de cada mutagao:
o Q164* (c490C>T) — nonsense
o E222%* (c622dupC) — nonsense
o R304* (c.910C>T) — nonsense
o F269F (c.807C>T) — splice site
o F269 H275dup (¢.805 825dup) — insercao

o R304Q (c.911G>A) - missense
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e Hipodfises normais — 3 ldminas provenientes de diferentes individuos.

Amostras

As amostras de tecido hipofisario foram obtidas de blocos de parafina provenientes do
material da bidpsia realizada apos a cirurgia e a comprovagdo anatomopatologica de adenoma
hipofiséario. O tipo de tumor foi determinado com base em resultados clinicos e bioquimicos
anteriores a cirurgia e determinagdo imuno-histoquimica realizada pelo Laboratério de Anatomia
Patologica localizado na Faculdade de Medicina UFMG. Apo6s o diagndstico histopatoldgico, as
laminas com os cortes dos blocos de parafina foram montadas, sendo que todas as amostras
utilizadas mostraram mais de 90% das células do tumor especifico (confirmag¢ao realizada pela
técnica de hematoxilina — eosina — HE).

As hipofises normais foram coletadas de autdpsias no prazo maximo de 24 h p6s morte
dos pacientes e realizou-se a andlise da reticulina no tecido a fim de que fosse excluida qualquer

anormalidade enddcrina.

Anticorpos

Para a marcacdo das fosfodiesterases, foram utilizados os seguintes anticorpos: (1)
anticorpo monoclonal de camundongo (4A4-1), especifico para PDE4A4 humano. Foi gerado
contra o peptideo a partir da sequéncia de SAERAERERQPHRPIERADA, correspondendo a
regido amino-terminal unica de PDE4A4 (21, 37, 39), GenBank L[20965); (2) anticorpo
policlonal de coelho (7233), especifico para PDE4A8 humana (21); (3) anticorpo monoclonal de
camundongo (4E1.16), especifico para PDE4A8 humano e gerado para o mesmo peptideo do
anticorpo policlonal descrito em (2), a partir da sequéncia KGDERSRETPESDRAN,
correspondendo a regido unica do amino terminal de PDE4A8 (GenBank AY593872). Todos os

anticorpos monoclonais foram purificados por dilui¢do limitante e, em seguida, cultivados em



23

cultura. Os anticorpos foram entdo purificadas a partir de sobrenadantes de cultura com uma

matriz de afinidade de proteina G (Pierce-FisherThermoScientific, EUA).
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Figura 7 — Testes dos anticorpos anti — PDE4A4 e anti — PDE4AS8

A. Imunofluorescéncia do controle negativo do anticorpo 4A4-1 em tecido adiposo.

B. Imunotransferéncia do anticorpo 4A4-1. Células COS7 foram transfectadas para expressar
PDE4A4 humana (4A4), ou PDE4AS8 humana (4AS8), ou vetor (Vect). Todas as construgdes de
PDE também codificavam um epitopo VSV no carboxil terminal da proteina. LDS-PAGE e a
imunotransferéncia com um anticorpo contra o VSV, ou contra 4A4-1, foram realizados como
descrito nos métodos. A proteina PDE4A4 migrou a 97 kDa.

C. Imunofluorescéncia do controle negativo do anticorpo 4E1.16 em tecido adiposo.

D. Imunotransferéncia do anticorpo 4E1.16. Extratos de células COS7 transfectadas para
expressar PDE4A8-VSV ou com vetor (Vect), foram coradas imunoldgicamente com um
anticorpo contra VSV, ou com 4E1.16. Em géis separados, os extratos foram imunotransferidos
com 4E1.16 e o peptideo usado como imunogénico (P1), ou um peptideo ndo relacionado (P2).

Todos os métodos foram tal como para a Figura 7B. A proteina PDE4A8 migrou a 102 kDa.
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Ja para a marcacao das células especificas em cada adenoma hipofisario, foram utilizados
os seguintes anticorpos policlonais de cabra, purificados por afinidade. (Santa Cruz
Biotechnology, USA): (1) GH (L-20): criado contra um mapeamento de peptideos proximo do
N-terminal do GH de origem humana; (2) ACTH (P-12): criado contra um mapeamento de
peptideos dentro de uma regido interna de POMC de origem humana. O locus genético de
POMC (humano) de mapeamento 2p23.3; (3) PRL (C-17): criado contra um peptideo mapeado
perto do C-terminal da prolactina de origem humana. O local genético da PRL (humano) de
mapeamento ¢ 6p22.3.

Para a marcagdo das células secretoras de FSH em adenomas clinicamente nao
funcionantes foram utilizados dois diferentes anticorpos (de acordo com a PDE escolhida): (1)
FSH (clone C10), um anticorpo monoclonal de camundongo purificado, que reage com a
subunidade B do hormonio foliculo-estimulante (Dako, California, USA) e (2) FSH (8746),
anticorpo policlonal de coelho, purificado por afinidade que reage com o hormonio foliculo-
estimulante (Abcam, Cambridge, USA).

Como anticorpos secunddrios (responsaveis pela fluorescéncia) foram utilizados os
seguintes anticorpos: (1) anti-cabra Alexa 546 (Invitrogen, EUA); (2) anti-cabra Alexa 488
(Invitrogen, EUA); (3) anti-coelho Alexa 488 (Invitrogen, USA); (4) anti-coelho Alexa 546
(Invitrogen, USA) (5) anti-camundongo Alexa 546 (Invitrogen, USA) ou (6) anti-camundongo

DyLight 488 (Pierce-FisherThermo Scientific, EUA).

Imunofluorescéncia

Primeiramente os cortes passaram pelo processo de desparafinizagdo e hidratagdo com
banhos sucessivos de: xilol (3 banhos de 5 minutos cada), etanol 99,6% (2 banhos de 5 minutos
cada), etanol 95% (um banho de 3 minutos), etanol 70% (um banho de 3 minutos), etanol 50%

(um banho de 3 minutos), etanol 25% (um banho de 3 minutos) e 4gua destilada (um banho de 3
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minutos). ApOs esses processos, as laminas foram transferidas para um recipiente de vidro pré-
aquecido em banho maria (temperatura 94°C - 96 °C) contendo 400 ml de solucdo de reativagao
antigénica (Dako Califérnia, EUA, 40 ml de estoque em 360 mL de agua), no qual permanecem
por 30 minutos dentro do préprio banho maria (temperatura 94°C - 96 °C) e posteriormente, as
laminas ainda dentro da solucao, permanecem por 20 minutos fora do banho maria. Hidratou-se
os cortes com uma banho de agua destilada (5 minutos) e um banho de PBS 1x (tampao fosfato-
salino) por 10 minutos.

As laminas foram secadas com papel absovente e realizou-se um circulo em volta dos
cortes com caneta Liquid Blocker. Os cortes foram entdo incubados em solugao de bloqueio (1%
de albumina bovina + 0,1% de Tween 20) a temperatura ambiente em cdmara imida durante 1
hora. Em seguida, a fim de colocalizar a fosfodiesterase selecionada (PDE4A4 ou PDE4AS) nas
células especificas de cada tumor hipofisario, retirou-se a solu¢ao de bloqueio e sobre cada corte
colocou-se uma solu¢do contendo o tampao de incubagdo; o respectivo anticorpo hipofisario
primdrio: anti-GH (L20; 1:50), anti-PRL (C-17; 1:50), anti-ACTH (P-12; 1:50), anti-FSH (clone
C10; 1:25) ou anti-FSH (8746; 1:25); e também o anticorpo responsavel pela marcacdo de
PDE4A4 ou PDE4AS8. As laminas foram deixadas overnight a 4°C em camara umida. As
laminas foram lavadas em PBS 1x (4 banhos sucessivos de 3 minutos cada), secas com papel
absorvente e entdo incubadas com o anticorpo secunddrio anti-cabra Alexa 546 (1:100,
Invitrogen, EUA), anti-cabra Alexa 488 (1:100, Invitrogen, EUA), anti-coelho Alexa 488 (1:400,
Invitrogen, USA), anti-coelho Alexa 546 (1:400, Invitrogen, USA) ou anti-camundongo DyLight
488 (1:400, Pierce-FisherThermo Scientific, EUA), de acordo com o anticorpo primadrio utilizado
anteriormente, ¢ incubadas em camara imida escura por 1 hora em temperatura ambiente.
Posteriormente as laminas foram lavadas em PBS 1x (4 banhos sucessivos de 3 minutos cada),
secas com papel absorvente e os cortes foram montados com meio de montagem 90% de glicerol

e laminula.
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Analise das Imagens

A leitura foi realizada em microscopia confocal, utilizada para aumentar o contraste da
imagem microscopica e construir imagens tridimensionais através da utilizagao de um orificio de
abertura, pinhole, que permite uma grande defini¢ao de imagem em amostras mais espessas que
o plano focal.

As imagens foram capturadas através do microscopio confocal (Leica TCS SP5), objetiva
63X, 630X e ampliagdo original. Todas as configura¢des confocais foram determinadas no inicio
da sessdo de leitura das imagens e manteve-se inalterada durante todo o experimento. Para a
analise quantitativa, as imagens foram capturadas em oito bits e analisadas em escala de cinza
(47). Foram capturadas 3-4 imagens de cada amostra, com cerca de 10-20 células escolhidas
aleatoriamente em cada corte.

Virios testes preliminares foram realizados antes dos experimentos finais, a fim de
reduzir a variabilidade intra e interensaio, tanto na hipofise normal como nos adenomas e para
controlar fatores que poderiam afetar a interpretagdo final da imagem obtida. Sendo assim,
determinamos previamente as melhores condi¢des para o ensaio de imunofluorescéncia, tais
como: dilui¢do dos anticorpos primdrios e secundarios, solugdo de bloqueio, e tipo de solugdo de
recuperacdo antigénica. Testes adicionais no microscopio confocal para confirmar as melhores
defini¢des para a captura das imagens e defini¢do do niimero de imagens por area de cada
amostra que fossem representativos de toda a amostra também foram realizados.

As imagens obtidas com as leituras das laminas foram analisadas em um programa
especifico — Image J (NIH, Bethesda, EUA), utilizado para quantificar a intensidade de
fluorescéncia e a area. A fluorescéncia de fundo foi entdo subtraida da regido de interesse. A
intensidade de fluorescéncia corresponde ao nivel de cinza da imagem, variando de zero (preto) a
255 (branco), com uma média da area (soma dos valores de cinza de todos os pixels, dividido

pelo numero de pixels / area).
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Analise Estatistica

Os resultados sao apresentados como média = erro padrdo da média. Para a analise
estatistica foi utilizado o programa Prisma (GraphPad 4, La Jolla, CA, USA). Utilizamos o teste
de Mann-Whitney ou ANOVA seguido pelo teste de Newman-Keuls/Kruskal-Wallis
dependendo da distribuigdo de normalidade da amostra. O valor de P < 0,05 foi considerado

como estatisticamente significativo.
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RESULTADOS
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Expressao de PDE4A4 na hipofise normal versus adenomas hipofisarios

Na Figura 8 demonstramos a expressao de PDE4A4 na hipofise normal e em diferentes
adenomas hipofisarios. Na imunofluorescéncia da hipofise normal, mostrou-se que PDE4A4 esté
presente no citoplasma de células produtoras de GH e de FSH, mas possui expressao minima em
células de PRL ou de ACTH. No entanto, os dados da expressao dessa fosfodiesterase nos
adenomas hipofisarios mostram uma expressdo significativamente elevada de PDE4A4 em
adenomas secretores de GH, PRL e ACTH, bem como no adenoma hipofisario clinicamente nao
funcionante de FSH (NFPA), quando comparadas com o tipo de célula correspondente na
hipofise normal (Figura 8A, 8B, 8C e 8D). Todas as comparacdes foram significativas com P <

0.0001.
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Figura 8 — Localizagao do PDE4A4 na hipofise
A, B, C e D. Imunofluorescéncia de dupla marcagdo utilizando o anticorpo monoclonal de
camundongo 4A4-1 (anti camundongo DyLight 488 — coloracdo verde), anticorpo policlonal de
cabra GH, ACTH e PRL (anti cabra Alexa 546 — coloracdo vermelha) e anticorpo policlonal de
coelho FSH (anti coelho Alexa 546 — coloracdo vermelha) em hipofise normal e em adenomas
secretores de GH, ACTH, FSH (adenoma clinicamente nao funcionante FSH positivo) e PRL (A,
B, C e D respectivamente); barra de escala: 25 um.

Os graficos de barras da direita de cada painel demonstram a fluorescéncia relativa de
PDE4A4 em cada adenoma, em comparacdo com suas respectivas células normais na hipofise
sem adenoma. Todos os dados estdo representados em média + S.E.M.; UA, unidades arbitrarias;

* P <0,0001.
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Expressao de PDE4AS8 na hipofise normal versus adenomas hipofisarios

Na Figura 9 demonstramos a expressao de PDE4A8 em células normais da hipofise
humana bem como em diferentes adenomas hipofisarios (Figura 9). A imunofluorescéncia das
células da hipofise normal mostrou que PDE4AS8 esta presente em todos os tipos de células
hipofisarias, com uma expressao um pouco mais baixa em células de ACTH. Em todos os
subtipos adenomas hipofisarios, essa fosfodiesterase possui expressdo em niveis
significativamente mais elevados (Figura 9A, 9B, 9C e 9D). Todas as comparagdes foram

significativas com P < 0.0001.
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Figura 9 — Localizacao do PDE4AS na hipofise
A, B e C. Imunofluorescéncia de dupla marcacao utilizando o anticorpo monoclonal de
camundongo 4E1.16 (anti camundongo Alexa 546 — coloragao vermelha), anticorpo policlonal
de cabra GH e ACTH (anti cabra Alexa 488 — coloracdo verde) e anticorpo policlonal de coelho
FSH (anti coelho Alexa 488 — colorag@o verde) em hipdfise normal e em adenomas secretores de
GH, ACTH e NFPA (adenoma clinicamente ndo funcionante FSH positivo) (A, B e C
respectivamente).
D. Imunofluorescéncia de dupla marcagdo utilizando o anticorpo policlonal de coelho 7233 (anti
coelho Alexa 488 — coloragdo verde) e anticorpo policlonal de cabra PRL (anti cabra Alexa 546
— coloragdo vermelha) em hipofise normal e em adenoma secretor de PRL.
Barra de escala: 25 um.

Os gréficos de barras a direita de cada painel demonstram a fluorescéncia relativa de
PDE4A8 em cada adenoma, em comparacdo com suas respectivas células normais na hipofise
sem adenoma. Todos os dados estdo representados em média + S.E.M.; UA, unidades arbitrarias;

* P <0,0001
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Expressio de PDE4A4 em amostras de adenomas hipofisarios secretores de GH com
mutacao AIP

Assim como demonstrado na imunofluorescéncia da hipofise normal e nos diferentes
adenomas hipofisarios secretores de GH, PRL ¢ ACTH, bem como no adenoma hipofisario
clinicamente ndo funcionante de FSH (NFPA), demonstramos também a expressao de PDE4A4
nas células de adenomas secretores de GH que sabidamente possuem muta¢dao no gene AIP.
Conforme demonstrado na Figura 10, existe certa expressdo de PDE4A4 nas células produtoras
de GH normais e expressao significativamente elevada de PDE4A4 nas células produtoras de
GH no adenoma secretor de GH sem mutacdo no gene AIP. Quando observamos as amostras de
5 diferentes mutacdes do AIP, podemos notar diferentes expressoes de PDE4A4. Em relagdo as
c¢lulas de GH da hipoéfise normal, podemos dizer que nas mutagdes F269F e R304Q a expressao
de PDE4A4 ¢ significativamente maior. Ja para as mutagdes F269 H275dup, R304* e E222* ¢
demonstrado que a expressdo da fosfodiesterase 4A4 ¢ significativamente diminuida quando
comparadas com as células produtoras de GH no adenoma secretor de GH sem mutag¢do no gene

AIP. Todas as comparagdes significativas com P <0.0001.
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Figura 10 — Localizacdo do PDE4A4 em adenomas secretores de GH com mutacdo AIP

Imunofluorescéncia de dupla marcagdo utilizando o anticorpo monoclonal 4A4-1 (coloragao
verde) e anticorpo policlonal GH (coloracdo vermelha) em hipdfise normal e em adenomas
secretores de GH com/sem mutagdo AIP; barra de escala: 25 pm. O grafico de barra demonstra a
fluorescéncia relativa de PDE4A4 em células secretoras de GH normais, em células sem
muta¢do AIP e em diferentes mutacdes do AIP. Todos os dados estdo representados em média +
S.E.M .; UA, unidades arbitrarias; P <0,0001, onde * ¢ significAncia em relagdo as células da

hipofise normal e @ ¢ significancia em relacdo as células sem mutagao AIP.
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Expressio de PDE4A8 em amostras de adenomas hipofisarios secretores de GH com
mutacao AIP

Como observado em PDE4A4, também existe expressao de PDE4AS8 nas células de
adenomas secretores de GH que sabidamente possuem mutagdo no gene AIP. Observando a
Figura 11, existe expressao de PDE4A8 nas células produtoras de GH normais e expressao
significativamente elevada de PDE4AS8 nas células produtoras de GH no adenoma secretor de
GH sem muta¢do no gene AIP. Quando observamos as amostras de 4 diferentes mutacdes do
AIP, podemos observar diferentes expressoes de PDE4A8. Em relacdo as células de GH da
hipofise normal, podemos dizer que nas mutagdes Q164* e F269 H275dup a expressdo de
PDE4AS ¢ significativamente menor, porém para a mutagdo R304Q ¢ significativamente maior.
Também ¢ demonstrado que a expressdao da fosfodiesterase 4A8 nas mutagdes Q164*,
F269 H275dup e R304* ¢ significativamente diminuida quando comparadas com as células
produtoras de GH no adenoma secretor de GH sem mutagdo no gene AIP. Todas as comparagdes

significativas com P < 0.0001.
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Figura 11 — Localizagdo do PDE4A8 em adenomas secretores de GH com mutagdo AIP
Imunofluorescéncia de dupla marcacdo utilizando o anticorpo monoclonal 4E1.16
(coloragdo verde) e anticorpo policlonal GH (coloragdo vermelha) em hipo6fise normal e
em adenomas secretores de GH com/sem mutagdo AIP; barra de escala: 25 um. O
gréafico de barra demonstra a fluorescéncia relativa de PDE4AS8 em células secretoras de
GH normais, em células sem mutagao AIP ¢ em diferentes mutagdes do AIP. Todos os
dados estdao representados em média = S.E.M .; UA, unidades arbitrérias; P <0,0001,
onde * ¢ significancia em relacdo as células da hipofise normal e @ ¢ significancia em

relagdo as células sem mutagdao AIP.
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DISCUSSAQO
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A familia das fosfodiesterases desempenham um importante papel na sinalizacao
de cAMP em diversos orgaos e tecidos (10, 48-50) nos quais sdo responsaveis por
catalisar a clivagem do cAMP em 5’AMP e dessa forma regular os niveis de cAMP no
interior das células. A presenca de PDE4A na hipofise pode ser regulada por uma
interagdo especifica proteina — proteina, como ¢ o caso de PDE4AS (PDE4A4 em seres
humanos) que interage seletivamente com AIP (25).

Nesse estudo conseguimos demonstrar que tanto PDE4A4 como PDE4AS8 sao
expressos na hipofise humana e que essa expressao ¢ significativamente aumentada nos
diferentes adenomas estudados, quando comparamos a célula tumoral com sua
respectiva célula na hipéfise normal.

Revisando a literatura, podemos encontrar estudos demonstrando a presenca de
PDE4A, PDE4B e PDE4D em células da hipofise e adenomas através da presenga de
RNA mensageiro (24) porém ndo encontramos nenhum estudo que demonstre
precisamente, como aqui evidenciado, a distribui¢cdo dessas isoformas nas células
hipofisarias normais e em diferentes adenomas hipofisarios.

A expressao de PDE nas células ¢ muito importante para a devida regulacao das
vias de sinalizacgdo do cAMP. Em casos onde ha a desregulacdo dessa via,
consequentemente ha desregulagdo da homeostasia. Demonstramos nesse estudo a
expressao aumentada tanto de PDE4A4 como de PDE4A8 nos quatro diferentes
adenomas hipofisarios (secretores de GH, PRL, ACTH e NFPA - adenoma
clinicamente nao funcionante FSH positivo) em relagdao as mesmas células em hipofise
normal.

Na via do cAMP na hipofise, o receptor acoplado a proteina G ¢ ativado quando
o hormonio liga-se a ele, o que ocasiona uma alteragdo conformacional do receptor. A

subunidade Gsa se desprende do complexo, liga-se a adenil-ciclase, que catalisa a
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conversao de ATP em cAMP. A elevagao de cAMP intracelular leva a dissociagdao da
subunidade catalitica da subunidade regulatoria da proteina quinase A. A ativagdo da
proteina quinase A pode entdo fosforilar uma série de alvos que regulam o fluxo de
enzimas efetoras e canais i0nicos, bem como ativa a transcricdo de genes especificos
que exercem papel no crescimento e diferenciagdo celular. As PDEs sdo fundamentais
na regulacdo dessa via, uma vez que ¢ a Unica capaz de hidrolisar o cAMP para sua
forma inativa 5’-AMP. Nos adenomas hipofisarios ha uma liberacdo aumentada de
hormonios o que implica em consequente aumento de PKA ativando a transcricao de
genes promotores de crescimento celular (Figura 12). A expressdo aumentada dessas
fosfodiesterases nos adenomas hipofisarios esporadicos sugere uma possivel
adaptacdo/compensacdo a tumorigénese, na tentativa de supressio do efeito
proliferativo (Figura 12).

Sabe-se que seis familias de PDEs possuem papel tanto na fisiologia como em
doencas enddcrinas: PDE1, PDE2, PDE3, PDE4, PDE8 e PDEll. O padrao de
expressao das isoformas de PDEs varia de acordo com o desenvolvimento, estado
proliferativo e estimulos hormonais da célula. No entanto, ¢ importante salientar que a
compreensdo das funcdes das PDEs ¢ de dificil entendimento devido ao fato das
propriedades cataliticas de algumas isoformas de PDE serem semelhantes. Sendo assim,
a atribuicdo de um papel especifico a uma determinada isoforma de PDE pode ser
precipitada necessitando de estudos especificos a respeito de sua localizagdo e funcdo

celular.
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Figura 12 — O papel da fosfodiesterase na via do cAMP em tumores hipofisarios sem a
mutacdo do AIP. O receptor acoplado a proteina G ¢ ativado pelo hormoénio produzido
em excesso no adenoma, o que ocasiona em aumento da conversao de ATP em cAMP e
consequente hiperativagdo da proteina quinase A. Essa cascata propicia a ativacdo da
transcricdo de genes especificos que exercem papel no crescimento e diferenciacao
celular, assim ocasionando o aumento de células no adenoma. Em contra resposta, como
compensagdo na tumorigénese, observamos aumento de PDEs nos adenomas
esporadicos. Abreviaturas: CREB - proteina de ligacdo ao elemento de resposta cAMP;

cAMP — adenosina monofosfato ciclico; 5’-AMP — 5° adenosina monofosfato.
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A expressdao de PDE4A4 e PDE4AS na hipofise humana ¢ demonstrada nesse
estudo de forma clara e objetiva. Podemos afirmar que ambas as isoformas sdo
presentes nos diferentes tipos celulares constituintes da hipofise humana (somatotrofo,
corticotrofo, lactotrofo e gonadotrofo). O padrdo de expressdo dessas PDEs variaram de
acordo com o tipo celular, sendo que para PDE4A4 a expressdo em células hipofisarias
normais secretoras de GH e FSH foi maior do que em células secretoras de ACTH e
PRL. Ja para PDE4A&, a expressao foi maior em células secretoras de PRL, GH e FSH.

Pouco se sabe a respeito da expressdo de fosfodiesterases na hipofises e menos
ainda na hipéfise humana, uma vez que a grande maioria dos estudos demonstra a
associacao entre PDEs e fungdes enddcrinas em animais.

A tumorigénese hipofisaria ainda ¢ desconhecida. Existem alguns estudos
demonstrando que a interagdo de PDE4A4 com AIP possa ser de grande importancia
visto que o gene AIP ¢ considerado um gene supressor de tumor e dentre as diversas
mutacoes descritas hd indicios que alteracdes na estrutura dos dominios TPR da
molécula AIP podem ser preditores de adenomas hipofisarios (43). Cerca de 30% das
familias com FIPA e 50% das acromegalias familiares possuem mutagdo no gene AIP
(51).

Aproximadamente 75% das mutagdes do AIP interrompe completamente a
por¢ao C-terminal do dominio TPR e/ou o Ca-7h (52). A grande maioria das mutagdes
missense afetam as duas partes finais do dominio TPR e Ca-7h, ambas envolvidas nas
interacdes com proteinas. Proteinas ligantes a AIP, tais como Ahr e PDE4A4, tem sido
demonstradas como potenciais ligantes a parte Ca-7h da molécula AIP. De que forma a
auséncia de AIP ou sua disfun¢do conduz a tumorigénese e como as interagcdes que sao
rompidas predispdem as células para a tumorigénese ainda sao mal compreendidas e

também dificil de prever, visto que o AIP interage diretamente com um ntmero de
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proteinas e, indiretamente, através dos trés sistemas de chaperonas, com um nimero
grande de outras proteinas (44).

Demonstramos que tanto a expressdo de PDE4A4 quanto a de PDE4AS8 foi
diminuida em amostras de adenomas secretores de GH com diferentes mutagao do AIP.

Para PDE4AS, mesmo nao sendo encontrado na literatura possivel interagdo com
AIP, podemos observar que ha diferengas na expressdo dessa fosfodiesterase para cada
mutagdo estudada. Para Q164* (c.490C>T) e F269 H275dup (c.805 825dup)
observamos significativa diminui¢do de PDE4A8 em relagdo as células de hipofise
normal. Ja para a mutagdo R304* (c.910C>T) apresenta expressao semelhante as células
normais e expressao diminuida em relacdo as células de GH de adenomas sem mutagao.
A mutacdo R304Q (c.911G>A) apresenta expressdo semelhante as células de GH de
adenomas sem mutacdo e expressdo diminuida em relagdo as células normais. Essas
diferencas de expressao sugerem que mutagdes do AIP podem reduzir potencialmente a
expressao/estabilidade de PDE4AS, levando a uma alteracao da via cAMP, embora uma
possivel interacdo ndo especifica de PDE4AS8 com AIP ndo possa ser descartada.

E bem descrito na literatura a interagio entre PDE4A5 (forma analoga a
PDE4A4 em humanos) e AIP (12, 26, 43, 44, 53). Sendo assim a demonstragdo celular
da expressao dessa fosfodiesterase ¢ de grande importancia para o entendimento da
tumorigénese hipofisaria. Podemos observar a expressao semelhante de PDE4A4 tanto
nas células normais como nas células com mutagdo F269 H275dup, R304* e E222*
(c.622dupC), porém expressdo diminuida em relagdo a células de GH de adenomas sem
mutacdo. J& as mutacdes F269F (c.807C>T) e R304Q apresentam expressdao aumentada
em relacdo as células normais e semelhante aos adenomas sem mutagao.

As mutagdes R304* e R304Q possuem mutagdo AIP nonsense e missense

respectivamente. Em R304* a mutacdo provoca um enfraquecimento da ligacdo de
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PDE4A5S e também perturba a ligacdo com AhR e no caso da mutagao R304Q ocorre o
enfraquecimento da ligacdo com PDE4AS5, nas quais, a extremidade C-terminal do
dominio TPR foi majoritariamente interrompida. J4 a mutagdo de inser¢do
F269 H275dup apesar de apresentar expressdo significativamente diminuida de
PDE4A4 nido mostra ruptura de ligagdo com PDE4AS5 (26). A mutacao nonsense E222%*
apresenta expressao de PDE4A4 similiar a células hipofisarias normais bem como nas
mutagdes F269 H275dup e R304*, sugestivo de um possivel disturbio na interagdo
AIP-PDE4A4. Quanto a mutacdo splice site F269F, a expressio de PDE4A4
significativamente maior que células normais demonstra que essa mutagdo, apesar de
afetar a montagem do gene e essas anomalias perturbarem profundamente a estrutura da
proteina, existe um efeito compensatorio.

Assim como as mutagdes do AIP predispdem a adenomas e também prejudicam
a capacidade de sua interacdo com PDE4AS5S (12, 26), essa molécula que também
interage com muitas outras proteinas, dentre elas: survivina e RET (54), ambas
importantes proteinas de crescimento/regulacdo; receptor aril hidrocarbono — AhR;
membros da via de sinalizagdao Gai-2 ¢ Gal-3 (55); PRKARIA (19); bem como Hsp90
e Hsp70, pode ter a ligagdo comprometida dependendo da mutacao do gene AIP.

Existe na literatura um unico estudo demonstrando que o efeito da expressao
AIP sobre os niveis de cAMP nao foi alterado pela a inibigao geral de fosfodiesterases
(IBMX) ou especifica de PDE4 (Rolipram), bem como os niveis de secre¢do de GH
pelas células também ndo foi alterado pelo uso desses inibidores (56). Porém, nesse
estudo, o tipo celular utilizado nao ¢ de uma linhagem somatotroéfica, tendo os estudos

sido realizados in vitro e a concentracao utilizada dos inibidores nao foi relatada.
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Figura 13 — O papel da fosfodiesterase na via do cAMP em tumores hipofisarios com a
mutacao do AIP. O receptor acoplado a proteina G ¢ ativado pelo horménio produzido
em excesso no adenoma secretor de GH, o que ocasiona em aumento da conversao de
ATP em cAMP e consequente hiperativacdo da proteina quinase A. Essa cascata
propicia a ativacdo da transcrigdo de genes especificos que exercem papel no
crescimento e diferenciacdo celular, assim ocasionando o aumento de células no
adenoma. Diferentemente do encontrado nos adenomas esporadicos, observamos que a
expressoes de PDEs nos adenomas com mutagdo do AIP ¢ dependente do tipo de
mutacdo do gene. Esse achado sugere que, dependendo da mutacdo, a interagdao entre
AIP-PDE4A4 ¢ comprometida (interrompida) em humanos, assim como demonstrado
em animais, € consequentemente ha a diminui¢do da expressdo das fosfodiesterases.
Abreviaturas: CREB - proteina de ligagdo ao elemento de resposta cAMP; cAMP —

adenosina monofosfato ciclico; 5’-AMP — 5° adenosina monofosfato.
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Conforme nosso estudo demonstra, o aumento na expressio de PDEs em
tumores esporadicos pode ter papel contra regulatorio, porém nos adenomas com
mutagdes AIP, a expressdo diminuida de fosfodiesterases em algumas mutacdes sugere
que, para esses tumores, a compreensdao do papel das PDEs na inativagdo de fungdes
celulares possa contribuir para o desenvolvimento de novas drogas que visem PDE na
hipofise, de forma semelhante ao que tem sido conseguido com éxito em outras
doengas.

Sendo assim, devemos explorar e estudar cada vez mais a interagdo AIP -
PDE4A4 nos tumores hipofisarios, uma vez que essa interacdo especifica desempenha
um importante papel importante na atividade supressora de tumor do AIP. No entanto,
podemos inferir que o aumento da expressdao de PDE4A4 nos diferentes adenomas de
hipofise possa ser uma resposta celular aos efeitos de perda da supressao do tumor de
AIP nos adenomas.

E também possivel que PDE4A4 ¢ PDE4A8 (bem como outras isoformas de
PDE4A ainda n3o demonstradas experimentalmente na hipofise) desempenhem um
papel na formacao do adenoma. Essa inferéncia ¢ bem plausivel visto que as mutagdes
do AIP, em sua grande maioria, perturbam a interagdo com PDE4A4, que possui papel
fundamental tanto na hipofise normal como nos adenomas. Do ponto de vista
fisiologico, o AIP inibe a atividade enzimatica de PDE4A4 e consequentemente ocorre
o aumento dos niveis de cAMP, que assim ativa PKA. Sendo assim, a perda de fungao
do AIP poderia aumentar a atividade de PDE4A4, os niveis de cAMP diminuiriam e
regulariam negativamente a PKA. Dado que a ativacdo, em vez de inativagdo de PKA
predispde aos adenomas somatotroficos, € mais provavel que o efeito das mutagdes de
AIP em PDE4A4 gere uma resposta compensatoria a tumorigénese, mais do que para

promover a tumorigénese.
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Finalmente, a desregulacdo de PDE4A4 e PDE4AS aqui mostrado, abre um novo
caminho para a tumorigénese hipofisaria. Estes novos dados sugerem pela primeira vez
que as duas isoformas apresentadas nesse estudo estdo expressas no tecido da hipofise
humana normal e que a sua expressio aumentada em tumores hipofisarios ¢
interrompida por varias mutacdes AIP, sugerindo um papel putativo desta isoforma na
tumorigénese hipofisaria, e possivelmente contribuindo para a perda de fungdo do AIP
observada em amostras de AIP mutantes.

Apesar de dados bem concretos, uma série de estudos adicionais ainda sio
necessarios para avaliar melhor essa hiper expressio de PDEs nos adenomas

hipofisarios e também avaliar as diferentes expressdes nas diversas mutagdes AIP.
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Abstract

POEA cyclic nucleotide phosphodiesterases reguilate cAMP abundarce in cells and therefore oy Words
reguilate numerows processes, incuding cell growth and differentlatien. The rat PDEAAS S ——
isoform (human homalog PREAAL) interacts with the AR protain (also called XAPZ or * prombodusterices
ARA-T). Germline mutations in AP oceur in spproximately 20% of patients with Familal AR

Iselated Pituitary Adenoma (FIPA) and 2% of childhood-onset simplex somatotroph * AR

adenomas. We therefore examined the protein expression of POEAAL and the dosely related b CAMP

Isafarm PDELAS in normal human pltuitary tissse and In pituitary adenomas. PDELCAA had o

lowy expression im normal pituitany but was significantly overonpressed in somatotroph, * POEAAE
lactatroph, coticotroph and dinically nonfunctioning gonadotroph adenamas (Pe 00001 for  ppeagg

Al subtypes). Ukewise, PDEAAR was expressed in normal pituitary and was also significanthy * PDEARS
overeapressad in the adenama subtypes (P2 0.0001 for all. Among the different adenoma

subtypes, corticotroph and lactotroph adenomas ware the highest and lowest expressed for

FDELAL, respectively, whereas the oppotite v observed for PDEAABE. Naturally ocomring

oncogenic variants i AIP were shown by a two-hybrid assay to disrupt the ability of AP 1o

interact with PDEAAS. A reversa two-hybrid screen identified numerous addithonal variants in

the tetratricopoptide ropgat [TPR] region of AIP that also disrupted its ability to interact with

PDEAAS. The eapression of PDE4AAS and POEAAR in normal pituitary, thelr increased sxpression

in adencmatous pituitary cells whare AP i meant to participate, and the disruption of the Erdcio R G

POEAAS-AIP interaction by AP mutants may play a robe in pitultany tumorgenesis.

ChOER| 23, 415431
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andfor cGMP end therefore regulate their abundance
in cells (Bolger o al, 3007, Francks of ol 20103 cAMP
signaling pathways, working through spatially distinct

The PDE4 encymes are members of o large superfamily
of cyclic nucheotide  phosphodiesterases  (PDEs)  that
enzymatically break dowmn the “sscond messengens’ cAMP
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subpopulations of the cAMP effectors, the cAMP-
dependent protein kinase A (PKA) and the exchange
presteln activated by cAMP (Epach, differentially regulate
& large range of distinct intracellular processes (Francls
et al 2011, Maurice of ol 2014). PDE4 enzymes are
differentiated from other members of the FDE superfamily
(PDET through PDEIL, respectivelyl, by their specificity
for cAMI* and by thelr ability to be inhibited by a class of
highly selective inhibitors,

There are at least 20 different PDE4 isoforms i
humans {Bolger 2007), which differ in their structure,
pattern of expression In tissues and Interactions with
specihc proteins. They are encoded by four genes (PDE4A,
FDE4R, PDESC, and PDE4D), with additional diversity
produced by alternative mRNA splicing and the use of
promoters unigque to cach isotorm (Bolger 2007, Bolger
et al, 20071, PDE4AS (known as PDE4A4 in humans) is
a well-studied PDE4 Isoform that interacts with several
proteins and has a number of characterlstic biochemical
properties (Bolger of af, 1993, 1994, Christian et al. 2010).
An important and apparently unique property of rat
PRE4AS, compured with other rodent PDE4 soforms, 1s
that it interacts selectively with the AIF protein, s member
ol the immunophilin family of proteins (Bolger e ol
200351 The AIF proteln interacts with PDE4AS largely
through its tetratnicopeptide (TPR) domain (Bolger of @l
20030, lgrejo ot al, 2000, Morgan ef al. 20012), which is
a well<characterized protein=protein intersction domain
found on many proteins (Kinashita of al, 1990, Sikorski
et wl. 19900 and which is often disrupted in patients with
AP mutations (lgreja ot af, 20000, The interaction of AIP
with PDE4AS changes the enzymatic activity of PDE4AS
and also its ability to be inhibited by PDE4-selective
inhibitors {Bolger @ al. 20030,

Mutations in genes encoding components of cAMP
pathways have been implicated In the predisposition
ta several endocrine neoplasms and related disorderns
(Stratakis 2013, for a review), Germline mutations in the
gene encoding the regulatory subunit type 1-a of FKA
(PREARIA) produce the multiple peoplasia, myxoma and
lentiginosis syndrome Carney complex (Horvath ef al.
M0, Germline mutations o the PEA r.'n‘i.u.h..l'th: syt
can produce  adrenal cortical sdenomas  (PRKACA),
{Beuschlein of al. 2004) or Carney complex (PREACHE)
(Forlino et al. 2004}, Moxaic somatic mutations im the gene
encoding the G-protein alpha subunit (GNAS), which
regulates adenylyl cyclase, the enzyme that synthesires
CAMP, cause McCune-Albright syndrome, characterized
by fibrows dysplasia of bone, café-av-lolt nodules, and
precocious puberty (Salpea & Stratakis 2004), whereas

FOES I prnTary Tumor Qesesy

somatic mutations can alse be detected in 30-20% of
somatotroph adenomas (Landis o al, 198%), Recently,
microduplications in the G-protein-coupled orphan
receptor GPRIOL, which activates adenvlyl cvclase and
therefore cAMI' signaling, have been implicated in 2
disorder with very yvoung-onsel gigantism (Trivellin
ot al. 20014} These genetic syndromes implicate cAMP
signaling in pituitary tumor pathogenesis and provide
a mationale for study of additional cAMP signaling
components in this process,

Germline mutations in the AIP gene are present in
approgimately 2000 of potlents with familial isolated
pituitary adenoma  (FIPA)L The AN mutation-positive
patients have a charscterstic dinical phenotype with
wamlly young- or childhood-onset growth  hormone
(GH) andfor prolactin (PRL)-secreting adenomas and can
b seen in cases with no apparent family history as well
(Vierimaa ot af. 2006, Daly et al. 2007, Leontion «f al, 2008,
Heliovaara o al. 2009, lgreja of al. 2010, Gadelha of al
2013, Beckers of af. 2003). All* s expressed in the pituitary,
and many pathogenic AIP varlants block 1ts interaction
with PDESAS (Viedimaa of af, 2006, Leontiou ef af, 2008,
lgreja e al. 2010, Bolger o ol 20030, Furthermore,
impaired function of AP in the pltultary attenuates cAMD
signaling (Formosa ef al. 2013, Formosa & Vassallo 2014,
Tuominen of @ 2015L

Given the role of both L'ﬁMr‘iiglmiln“nnd AP in the
pathogenssis of pituitary tumors, we wished o explore
further the potential role of the PDE4AS-AIP interaction
in pituitary tumorigenesis. Therefore, an important aim
of the current studies was to demonstrate that FDE2A4
i5 expressed in pormal pitultary apd In pltuitary
adenomas, where it is avallable for imtemmction with AR
We had shown previously that mRENA encoding PDE4A4
and its rat'mouse ortholog, PDE4AS, 15 expressed in
a number of tissues, Including the brain (Rolger e al.
1994, 19%96), but there was no data on its expression
in the plitultary. We have been particularly interested
In the tissue-specific expression of PDE4AS, an isoform
encoded by the PDE4A gene that has undergone rapid
evilutlonary ¢hange (Mackenzie of al. 2008). Human
FOEAAR differs from I8 rodent rnuh!erp.'ll't al ot
exclusively at its alternatively spliced amino-terminus
and related 5 gemomic sequences, which are likeky
to control its tissue expression (Bolger o al. 1994,
Mackenzie of al. 2008). Here we study PDE4A4 and
PEXEAAE protein expression in normal pituitary and in
pituitary adenomas wsing novel specific antibodies, We
also identify additional varlants in AIP that affect its
ability to interact with PDE4AS.
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Materlals and methods
Tissue specimens

Samples from pltuitary adenomas were removed ot
tramsphenoldal surgery. The tumor type was determined
on the basis of clinkcal and biochemical findings before
surgery and immunohistochemical determination of the
expressed pituitary hormones: for the adenoma samples,
all skides utilized <howed more than 0% of the specific
tumar, a5 confirmed by hematoxylin and eosin, Autopsy
pltuitary samples were collected within 24 b of death from
patients with no evidence of any endocrine abnormality,
Consecutive cuts were prepared for histological analysis
from normal piteitary tissue and  different types ol
pitudtary sdenomas. Informed consent was obtained from
all pituitary patients, and the protocol was approved by
the Institutional Besearch Ethics Committes.

PDES antibodies

The meuse monochenal antibody 4A4-1, specific to
human PIHEAM, was generated specifically for this study
against the peptide sequence SAERAERERGPFHRIIERADA
{Fig. 1), coresponding to the umigque amino-terminal
region of PDE4A4 amino acids 51 through 70 in both
human FRE4A4 (GenBank Accession number L20965.1)
and rat PDE4AS (GenBank L2ZT057.1, Fig. 1) (Bolger o al
1993, 1954, Mackenzie ot al, 200E), The rabbit polvclonal

PO i pItUETary (LAmar GeneiE

antibody 7233 specific to human PDE4AR was described
previoaly {Mackenzie of ol. 20081, The mouse monoclonal
antibody AEL16, specihc for human  PDEAASR, - was
generated to the same peptide as the polyclonal antibody,
of the sequence KGDERSKETTESDRAN, comesponding to
the unigue amino-terminal region of TDE4AR (GenBank
AYSRIRTZ, (Mackenzie of @l 20081, All monoclonal
untibodies were purified by lmiting dilution amd then
grown im culture. Antibodies were then purified from
culbure supernotants with o protein G-affinity  matrix
[Pierce, Thermao Fisher Scientific),

Immuncblatting

COAT  cells  were  transfected  with  the plasmid
peDMANAGYEY o express human PDE4A4, or with
pcDMA4ABRYEY to express human PODE4AR, o with
wvector pcDMNAY (Life Technologies), using methods
that we have described previously (McPhee of al. 1099,
Mackenzie et al. 2008, Christian ef al. 20000, The proteins
were engineered o contain @ wesicular stomatitis vine
(VEV) epitope at their carboxy terminus. Extracts from
thw cefls were prepared wsing methods that we have
described  provicwsly (McPhee ef al. 1999, Mackenzie
of al. 2008, Christian et al. 20000 and were analveed by
LOS-PAGE  (Movex, Life  Technologies)  amd
immunoilotting with eitlver an antibody to VSV iSkgma)
(Kreis 1986) or the monockonal antibody of interest,

Human PDE4A4 and Rat FDE4AS, with AIP interactionsites
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For this purpose, samples were run in paratlel lanes on
the same gel and then transferred to a single filter. For
immunoblotting, the filter was then cut in half, and
each half was incubated with the appropriate antibody;
after washing, the two halves were rejoined for Image
generation with enhanced  chemiluminescence (ECLL,
generating a single image with both antibodies. Feimary
antibody incubations (12500 tor PDE4A4 and PRE4AR and
1:5000 for VSV) were performed for 1 h in Tris-bulfered
walime with 0.1% Tween 20, followed by two washes in the
same buffer, Secondary antibody incubations (0500,
10,000 Santa Cruz Blotechnologyl were performed
in the same buffer, followed by two washes in the same
buffer. Signal development was with ECL {Plerce, Thermo
Fisher Scientific),

immunofluarescent staining and confocal microscopy

We perdformed comfocal  immunoflucrescence analysis
of somatotroph, cortbcotroph, bctotroph, and chinically
nonfunctioning - gonadotroph  adenomas as well as
rustmal pitultary tissue, Normal pituitary architecture was
evaluated by reticulin staining.  After depamtfinization
amd hwdrating procedures, the slicdes wene transfermed into
400mL of prewarmed (94-967C) target retrieval solutlon
{dimL of stock into 360ml water; Dakol in a glas
container in & water bath. The sectlons were incubated
in hlocking solution (1% BSA and OU1% Tween 20 at
rooan temperature for Th and then neabated overnight
at 4°C with one of the primary antibodies. The mouse
mionoclonal antibody 4A4-1 was used for all PDE4AS
commpartions, whereas the mouse monoclonal 4E1.16 was
used for all PTDE4AR comparisons, In order fo colocalize
the selected proteins in different cells, polyclonal goat
amti-GH (L20, 1:50; Santa Crue Blotechnology ), polyclonal
goat anti-ACTH (P12, 1:500 Santa Crue Biotechnology),
polyclomal  rabbit  anti-folliclestimulating  hormone
[FSH} (B7461:25; Abcam) or polyclonal mouse anti-FSH
(210, 1:25; Dako), ansd polyclonal goat anti-PRL (C-17,
1:50; Santa Cruy Biotechnology) of polyclonal rabbit
anti-PFRL (1:50 Dako), with one al the PDE4AL or
PDE4AS-specific antthodies described  previously, were
al added to the incubation buffer, After an nvﬁ'nl,ﬁhl
Incubation, ddkdes were rinsed five times in PES and then
Ineubated for 1 h in the dark at room temperature with anti-
ot Adestn 5446 § 1100 Life Technologies), anti-rabbit Alexa
546 (1:30, 1100, or 1:200x Life Technologles), anti-mouse
Drylight 488 (1:50, 12300 or 1:400; PMesce, Thermo Fisher
Sciemtific), anti-goat Alexs 488 (1:100: Life Technologles)
of anti-mouse Alexs 546 (1:200; Life Technobogies),

POEA i piluitary humoegensss

scconding to the peomary antibodies previously wed.
Dhie # 0 change of PRL antibody wsed in our unsbversity
hospital from goat to pbbir enti-PRL, seconmadary antibodles
used in PRL experiments for the isoform PD4AR had 1o
b ahtered in order to reach the expected double labeling.
Following washes with PBES, sections were mounted in
M glvcerol/ 1P Teis 1M, and imoges were captured
throuagh confocal microscope (Leica TCS 5P5; Lelal, 6=
abjective, and 630 original magnification. All confocal
settings were determined at the beginning of the imaging
sesabon amdd  remained  unchanged. For  quantitative
analysis, images were captured a1 8 bits and analysed
In gray scale, using the protocol we have published
previously (Ribetro-CHiveira Jroof ol 2008). Bredly, three
different normal pltuttary samples and four to seven
distinct samples of each adenonma subbype were analyred.
Three to four Images were captured mandomly from each
sample and three measurements were obdained for each
image, with about $0-50 cells ubo chosen mndomly in
cach analyzed smple. Image] (the Mational Institutes of
Health, Hethesda, MDY, USA) software was used to quantify
fiuorescence intensity and area intensity, as well as the ancs
of each individual cell. The background fluorescence and
the energy ntensity threshold were then subtracted (rom
the region of intercst in the same level for all examined
plctures, The relative fluorescence cormesponded by the
wnit ‘gray level', varying from O (black) to 255 (white), as
an average of the area for each cell (the sum of gray value
af all pixels divided by the number of pixelsfarca).

Two-hybrid analysis of protein-protein interactions

The effect of varants in AP on its interaction with
PFOE4AS was studied by the yeast two-hybrid system, as
described previoasky (Bolger of of, 20030, Leontion of al.
2008, Tereja of ol. 20000, For these studies, PDE4AS was
cloned inte the Notl-aite of pLEXAN, 1o generale 4 LexA
DMA-binding domain fusion (Le., the plasmid pLEXARS)
WiH-IE}'[:h.- TWT) AIP and varloos misense AP sehence
vartants were cloned into the Notlsite of pGADN, 1o
penerafe fahld sctivation domain havions (Le, the
plasmid pGADNEBE and mutants thereof), Site-directed
mutagenesis was performed using the circular mutagenesis
method (Weiner of al. 19504, and all mutants were verified
by sequencing before use. Quontitative fogalactosidase
mssavs. were perfonmed o the Socchuompoes cerovistar
strain 140 by the method of Guarente (Guarente
1983} using -nitophenyl-jbo-galactopyranoside as a
substrate. Each variant was tested in at least twe different
veast clomnes,
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“Reverse' two-hybrid analysis

This was perdormed eseotially o3 we have  described
previoualy for o different intersction (Steele of ol. 20010
The plasmid pGADNEBISma was generated by site-directed
mrtagenesis of pGATDNRRI. [t encodes the full open reading
frarme of AP, doned into the Mol site of pGADN (Bolger
of al, 0h, with a Sorall site Enmnurrd. at codon 168, The
generation of this site created a varant (WI16HG) in ALD
that had no effoct on its ability to intemct withe FDE4AS
in twoehiyhrid assays idata not shown | To muotagenize the
AP TTH hoaeology region (Holger of al. 20030, PCR primers
were symithesteed that amplified codons 168330 of AP,
with some vector sequences at the 3° end of the insert. The
FCR product overlapped spproximately 30 nucleatides a1
each end with Smal-cut pGADNRB3Sma DNA. Therefore,
cotranstormation of 5, cemvisiae L40 with the PCR product
and Seal-cut pGADNEBRISmal DNA efficiently generated
full-length GADNREISma with FCR-generated AP TPRs, by
the e ol recombination dn vho, The PCHs were designed
o Imtroduce o single-nucleotide substitution, on average. in
the PCR product and used 2500mL of Tagg DNA Polymerase
(Thermmno Faher Scientific) in 20mM Tris=HCl pil B4,
Sombd KCI, SmM MaCl, 0.2mM dATE GdmM of each
of dCTE dTTT and dGTH agiml of pGADMEEISma and
cach PCR primer at InM/ml. Ten separsle PCRs, cach
100pL, were performed for 25 cycles with on anmealing
temperature of 55°C. The PCR products were pooled and
20pL were mined with 50ng of Smal-cut pGADNRERSma
DA and transformad into 8. cersidsige siraln L40contalning
PLEXARG. Colonkes containing both plasmids were sebected
by their ability to grow in the absence of tryptophan and
leucine, replico-plated onte nvlon Glters, and sibjected
to a filter [galactosidase assay (Bolger 1998L The
PLADNREZSma mutant plasmids were Bsolated from white
oolondes (Le., those lacking [-palactoskdase activity) by thelr
ahility to complement the lmdi-genotype of Exdwerichia ol
strin LRI01, The PCH-generated region of the resuliing
plasmids was then sequenced with an ARl 3700sequencer
(Applicd Biosystems)

Characterization of AW varlants

Three public databases were Interrogated to check for the
allele frequencies of the AP varlants tested in this studw:
the 1000 Genomes Project | Abecasis o af, 201 2); the Exome
Variant Server (EV5), NHLBI GO Exome Sequencing Project
(ESP), Seattle, WA, USA dhittpVevags washingtonedu/EVS)
{accessed on March 2016k and the Excame Agpregation
Consortium  (ExAC) Cambridie, MA, USA (httpe/fexac,
hroadinstitute.ong faccessed on 1 March 20061,

PO i prniifary ELamarijenect

Statistical analysis

Vartables were fird checked for normal  distribution
through the Shaplro-Wilk test. The immunofluorescence
datn comparing cach adenoma subtype with normal
pituitary tissue were tested for statistical significance with
the nonparametric Mann-Whitney Utest, using GraphPad
Prism 6.0 {GraphPadi. Different adenoima subtypes were
compared through Kroskal-Wallis followed by Dunn's
multiple comparisons test. Quantifative p-galactoskdase
assays were analyzed by unpaired t-test (Sigmalof; Systat,
San Diego, CA, USA) Significance was taken as P<0005,
Diata are shown s Mean £ e, 0 L0,

Results
PDE&AA Is spedfically expressad in pituitary adenomas

As the rodent homolog of PDE4A4 interacts with
Al Iﬂc:lh.;t'r o al. 20080, we wished to determine
PDE4A4 distribution In normal human pltoitary cells
and adenomas (Fig. 2). For this study, we developed a
manoclonal antibody, 4A4-1, spectfic for PDE4AL {and
alse PFDE4ASL Immunoblotting of protein extracted
from cells transtected with PDE4A4 shows a band
with a relative molecular mobility of 12523kDa,
as  shown  previoosly  (Mackengie of  al 2008),
Immunoflucrescence of normal pliuitary showed that
PDE4A4 is present in GH and F5H cells, with very low
expression in PRL or ACTH cells, Howewer, we detected
a significantly higher expression of PDE4A4 in GF-,
PlL- or ACTH-secreting pituitary adenomas, a5 well as
FSH-positive  non-functioning  pituitary  adenomas
IMFI'As), compared with the corresponding cell type in
nofmal pituitary (Fig. 20 By contrast, we did not see
any expression In fat tissue, which was wsed here as o
negative control.

PDE4AS is expressad in normal pituitary
colls and adenomas

We had previously developed a polyclonal antibody 1o
PDE4AR and used it to demonstrate its expression In
several regions of the CNS (Mackenzie of al, 200H). For
this stwdy, we have developed a monoclonal antibsody,
4E1.16, which has the same specificity s the palyclonal
antibody (see 'Materials and methods” section  for
detaily) and wied immunofluorescence o determine
its expression In plituitary thssee (Flg. 35, The 4E1.18
anttbody detected a protein of the comect size on
immunoblotting of cells transtected to express PDEAAR,

bithr e ke ooy foamads oy
DOt BR ASFAERC- 150295

01 welrty in | ndrerinciogy
FriiEd in Graar Benais

Fuisned oy Slosdeniinic Lid

64



235 aza

A

e

Hogatiee conirel
E —_——,
E Wach LA Vaect 4AE 45 24
E FOEA] —= [ ]
C FOEARL GH o
-, FhE4RS
Es g 150
53 = ®
o 2@ 4
. i,
i "2
i : |
P Mormal  GH.ecrsting
@ GH-crlin [
D FUE4AS RCTH Wargs
PLIE&A
] 5! -
iz 3 s
a i E ¥
-] a
b *f
it : .,
.:E Mormal| ACTH-socroling
] ACTH-cells  burmoar
Flgure 3
E PORARL FEa Warzs Lealization of POEAAY in the piwtan. (A)
Tas FDE4A4 Ssrenii-with The 4441 selibody in
E F- | g B by CEXST
= & a —_ POEAAA
P I
= 5 £ ; 15 aked
Eg E F JeITEIE
E g % : bAcTting
b 2 E willls an anDESedy Sl WiV of Wilh dAS-1, weie
# Normal  FBH-secreting parformed 2 deso| In tha ‘Matarnals and
FiH-calls  wmour mathode sacion T rated af
aw e erd
F FREAAL PRL M aciorul A88-1 dgrean stainingd
PREAAS Tl FSH, @i PAL dhed
;— = Tl pilrtany (-3}
H S
za $E
3 g D, F, and Freigese
E 8 s - right of Bach parsd provics Emicuantitation of
; F E thie felative Puoiescmnos of POESSA in aadf
3 g E B ol g il weh i respedve
g Murmal  PRL-smereling normal oell, Scale buar - i All daia are dhowe
[ PRL-cell tarEr s AN s AL, ST TR, P L0001

Differences among differant adenoma subtypes for
FDE4AS and PDEAAR

Ikl ence of narmal pitaitary showed that
as present Inall ¢ Ty pes, i somewihi
PDE4AR was present In all cell types, with somewhat

tower expression im ACTH cells. In pituitary adenomas

: i When different adenoma subtypes were compared
FIDEAAR was expressed st signlbcantly higher levels, in bl 3 I
' for PDE4A4 iFig. 4A), this isoform was significantly

all subtypes (Fig. 3). We did not see any expression of
I'DE4AE with this antibody in control tissues, such as
fat tissue, consistent with results obtained previously
with the polyclonal antibody iMackenzie of af, 2008)

reduced in prolactinomas compired with the other
PDE4A4

abundance i corfdiootrophinomas was signiifcantly

adenoma  subiy pies . Fig. 4A) However,
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For the PRE4AR isoform
showed sigmificantly higher M4AR expression than
the other (Fig. 4H),
corticotrophinomas showed the lowest abundance of

PDEAAR (Fig. 4B)

wil  compared

i turn, prolactinomas

adenoma  subtypes whiereas

aftenuate this Interaction { Leontie
A yeast two-hybrid quantitative [-ga

20000

435

Flguns 3
Locaitrasian of PFOELAR In thw pituitarg: (AY
Immuncdiuoresconcs with the £5.16 antibody In
a8 & reegaimee cont ol o)
abiotting with 1he AE1.16 amibody.
Exitracts from COSV cal branslecied bo oxpreas
POCAAR-YEY oF walh vecta Cucl were
Immumcbdctted wilh an antibody agakms Vi ar
wilh AE1 16, On wparatp geds, POELAE- VW
nolherled i AE7. 16 50 1he
de med a5 immuncgam (1), O an uneeiate]
3 e P Al e s ries s For
Fig. 28, Tha FOE&AE protsin migratad &t 102 kKDa.
0, O ang E] Doubis immunoflugreacent staining
using monaclonal & 1,16 (rad @ainng) and
popcionat GH, ACTH, and F5E igreon Hainingl
antiodie In nonmal pitultary (N=3} and GH- and
ACTH-seoroling adanormas and NFPRG V= L7 for
pach adencma subtyps: © O, and E, repectyvel)
Fir Erle i Muecr paced Waling asisg
morsckmal 381, M6

T R

ol

ar QrapEe o
J eath pa Erlabicen of
the relative Buspscencs of PDEAAS In aafi
didrnaina Typse, corguarid wilh 05 fegshe
Scaks Bar= 75 im. AN data are shown
vaa, AL, arbiiwany unis B GoiS i

Disease-associated variants in AIP attenuata its
1AL Interaction with PDE4AS

Al interacts specifically with PDE4AS (Bolger of il
2003 and mutations inm AIF that are associated with F

ol 2008, lpreja of al.
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Comparison of POEAR and FOELAE vmuncsiaining in pRuftang
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AP vartants on ity interaction with PDELAS, which in
tumn can inform about the possible pathogenicity of AIP
variants. In this study, we analyzed/reanalyzed & lasge
number of dissaseassociated AP vanants  incloding
six varlants that we have not reported with this asay
previonshy (Leontion of al, 2008, Igreja o of 20000,

s

and found that attenuation of interaction gemerlly
correlated with the discase phenotype (Fig. 53 The new
and previously studied single amine scid substitutions or
deletions (C238Y, R271W, Y248del, and VE91M) and the
Truncation moutaticns (BE1*, Q164*, Q217 nmvd RAH*,
all af which are stronghy diveass associated, completely
ablate the interaction (Fig. 5). We also saw ablation, but
with borderline statistical significance, by the KZ41E
and R340 missense varants, which are also felt 1o
be discase assoclated. The [257V and AZ¥Y varlants,
which are predicted to be unlikely to be pathogendc and
have uncertain clinical 'ilﬁl'llﬁ:ﬂl'll:l.'.
difference, Conversely, the RI6H and V498 missense
variants, which are generally conskdered to be mare S8NPs
{lgreja at ail. 20005, and are located satsade the TP, hawe
i effect, or have only & weak eflect on the interaction
{Flig. 31 Two apparently disease-comsing variants, K103R
and AG23IEXM, have no clear inhibitory effect or may
augment the intersction, as measunsd by this assay
(Fig. &) KIDIR s, however, o conservative substitution,
and both K103R and AGZHE2S are located outsishe the
Trhks, which are considerned to mediate its interaction with
TEAMAS (Tahle E),

showed no clear

Esalation of additional variants in the AP TPRs

The AIP TPRs form & close asscciation with two different
regions of FDE4AS (Bolger of al. 20038 Given this close
amoefation, 1t seems unl:krl}' that all the amino acids in
the TIRs that are exsential for this interaction have been
identified in the analyses performed to date. These amino
acids would also be potential sites ol disease-nisociated
variangs, To identify such amino aclds, we performed
random mutagenesss of the AIF TPRs and then used two-
huylric approaches v select amd jdenify vardonts tha
attemnmated the AIP-PDE4AS interaction, This approach,
typically called 'reverse two-hybridd', has successfully been
used 1o charscleriie many proleln-proteln interctions.
With this screen, we identified seven single amino acicd
vatlants (K173E, CHER, NZI6H, C234R, H2T5L, 1L306F
and L3P} and one double varfant (W2ZARNVI50A0 in the
Al TPRs thot strongly attenuated their ahility to inteeact
with PDEAAS (Fig. 5). Intriguingly, one of these variants,
C254R, has been recenthy identibed as a disease-assoctated
mutation in a patient with gigantism: this female patient
was dlagnoned ot the age of 14 years due o tall stature
{184 cm, midparental height
amenorrhen and had o large (4= 442 31 mm) GH- and
MHL-secreting  macroadenomas  cousing  hydrocephalus.
Insmdin-like growth factor 1 (I1GF-1] was 5= and PRL was

161.5cm) and primary
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1) Yuast two-Fybrid quanttative j-galactosidace amay of human &R
ILERS, AN ulEls weri dxpressed i yossl el anid thel aflect o AP
imeraction with POEAAS vt maaswrod with 2 yeast two-hybeid
quantitativa j-galaciosidae anay. Varants not Sudfled pravousty ars
irlicatiad in bisld type i e figuine legend. sebaciad presiously hadisd
waElanks are Inchaled Tof comparson & agnificant Feductian In
P-galactoaldase actiity 10-30% of WT, P < 0,03 by tosth wan obsored for
i var il CXIEY, XTI, VERINL and Y2dadel, o veoll as Tor 28 the
Truncation mutations tested [\, Q217=, QHEA°, and R34 The K241E
ared RAMC mrrtant wara of bordering ugniticance (P=0 067, Ths R16H,
WAE, K103R, 257, and AJFNS warlanls thow acthily §3-100% of 'WT
e than thres-foid diffarence; P=not sgnificant (N5} from WT AR
Substamtlal increased actwily & sean with the GI3/EM delation (P=0.011).
ety variant vk fedisd in &1 least Do diffeent yoas clones, with isntical
WaURE [N= 3 for agach Jonel, Maaficuo, 306 ediam foer sach mutant
Wictor s4A5 POELAS with tho AD vecior wih no insert; Vedon X 2: both
wucton with no ineert. () Yot two-bybeid quantiate -galectosidne
ansay ol AN mutants kdenlified I 3 revenss Two-hyhind scrssn. A mutants
dardified ir 3 revEres Twn-highrid scresn wiore aepresad in yoan colly, and
Thair edfect on AR inberaction with PDEAAS was measured with & peast
‘twi-hybrid quanttative ji-galacioskdae asay, a5 i panad A Al muiants
shovwad 3 sgnificant reduction in j-gaiachosdase ackhity 10-30% of WT;
P06 by 1ot Each varking was Tested in at s e iiiferent peast
chones, with Identical results (4= Tor each done). Meamzs.o ang shown
for pach maitant. Voctor: PDE4AS with the AD vector with no Inset.

PDEY in titary GamaAiperims

us

150= upper limit of normal {(Hermandez-Ramirez of al.
2005k, lscovarzo of al. 2005k

Because of technical issues with the two-hybrid system,
in that PDE4AR tends to have ntrdnsic transactivation
activity, detectable in several different two-hybedd vector!
host systemis, wee have been unabile to ossess the efects of
Al vartants on ks interaction, if any, with PFDE4ASR,

Discusslon

PIEAs play an essential role in cAMP signaling in many
argar aniid Tskuies Eﬂulm.-rri dl, 20007, Conti & Beavo 2007,
Houslay 2000, Francis ef al. 2001, Mowrice & al. 2004}, In
that they catalyze the beeakdown of cAMP to AMID and
therefore contribarte to the regulation of cAMP levels in
colls. cAMP is generated by adenylvl cyclases, which, in
majority of cell types, including pitultary, are regulated
by several stimoli, including G-proteincoupled recepton
(GIRCHS), colelum fluxes, and phosphorvintion by a
number of kinases (Willoughly & Cooper 20007}, cAMP
activates two downstream effectors, PKA and Epac, and
KA phosphorylates numerows substrates, which in tum
reflect its protean physiologic functions in cells. GPCRs,
cyclases, PRA, and PDEs are often found to be phystcally
codocalized in cells and therefore rogulate cAMEP levels
in specific subcellular compartments (Conti & Beavo
2007, Bolger et el 2007, Willoughby & Cooper 2007,
Houslay 2000, Francis et al. 2011, Maurice & al. 2004).
The presence andfor sctivity of TDE4 isofarms in these
compartments may be regulated, ot least In part, by
speciic proteln-protein interactions; for example, the
PDE4DS isoform interacts selectively with RACKL and
[Farrestin? (Yarwood e al, 1999, Perry of al. 2002, Bolger
ef al. 20034} and the PDE4AS isoform fralled PDELA4
in humans) selectively interacts with AIF {Bolger of al.
2003k, The expression of cAMP signaling  pathway
components, including the PDE4s, varies substantially
betwien tasues, thereby producing an additiona)l level of
spectficity of action.

Owverexpression of WT AIP In rat GH3 and human
HeLa cells was shown to reduce forskolin-indweced (but nok
basal) cAMP signaling (Formosa of al. 2013} This effect
wis observed even in the presnce of the general POE
inhibitor IRMX or the selective PFDE4 inhibitor molipram,
sugpesting that the AIP-PDE interaction is elther nol
required or only partially responsible for the reduction
in forskolin-activated cAMP sigooling by WT Al This
may be explained by the fact that AIP in addition to
PDE interacts with several other proteins. Comversely,
knockdown of endogenous AIP resulted in increased cAMI

el sy foaTmaly o & 201 Sockaty for
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Table 1 Reported AW variants tested in this sudy,

POES Io fifuftary hamodigunesiy | AR -

Control MAF - 1000

DA changs Protein chamge Coniral MAF - EWS Contral MAF - ETAC GO
cATG=A pRIGH 0.254 0.1956 0.1
c.66_Tidel p.G23_Elddal rsd&67E0R5ET [1=] ho ([ 1a]
e 1a5GA RTEV i385 Qi Ssa 002395 1]
C2NC=T pRET rEdGTEORSE1 o) L1 Lin]
CI0RARG p.E10ZR a2 G E0G5AE 1) NO NO
AT p.O164* 104885071 s} NO NO
CRARCsT POz 26T R06566 [ 1¥] N RO
C.I13GR4 p.C238Y ndGTEHE5E0 1%} 842004 NG
cITA=G pEIAE rl2aTEEET [} 4.3 e-03 N
€742 Taadal p.Y 2450 M2GTE065T4 MO N NO
o MEOT=C p.CI54R A 31} 1] NG
cIE8ARG P25y ndalE0ESTS =] NO NG
CBVICT pRITIW 2GTE0E5TS MO NO WO
cATIGA pAHITM LY O N NG
CBRECST pAISEY ri4BG86TTI 1002 004275 HA
0T p.RI04* ril04Eaq 185 HNO 1.715e-03 HO
cA1 1G4 p.RI0AG Rl Q4B 180 0.06a3 0,458 NG

The abelic Seguencies sdentifiogd in conteols in e puldn anliee dsabaes [EvS, EaAC and 1000 Genomes Prject) are shovn, MAF feguendies are
Eresed D pereniige MAR minar sl Seiuency N0, not pbseived, NA, nod sppscable

signaling even in basal conditions {Formaona of al. 20135
Another mechanism suggested for AIP-cAMT interactions
via the inhibitory G protein, G alpha-L2, as this inhibktory
protein had lower level in AlP-deficient cells and human
samples, sugpesting that faifure to inhibit cAMT synthesks
through dysfunctional G alpha-i signaling underdies the
development of GH-secreting pituitary adenomas in AID
mistathon carriees.,

In this study, we show that PDE4Ad and PDE4AR
proteins are expressed In Bumon pituitary cells and that
their expression s imcreased in all studied adenoma
subtypes. Although prior studies had  demonstrated
that mREMNA transcripts from the POE4A, POESH, and
PFOE4IY genes were present in pituitary  cells and
adenomas (Perssnd of al. 2000), these studies did oot
use  tmmunohistochemistry or  immunofluorescence
o determine the precise cellular distribution of the
inolforims. Interestingly, nilhnugh TDE4AY and PDEAAS e
expressed In normal pitultary, they are expressed at higher
levels in four different sdewoma subtypes. Although e
mechanistic effectish of this overexpression in adenomas
will require further study, this level of PDE4 expression is
highly likely to downmegulate cAMP signaling pathways
el therefore be lunctionally important.

Whereas differences in normal pituitary tssues
obtained through consecutive cuts are expected due
to the heterogeneous admixtore of several ditferent
cell types, adenomas tend to be more uniform as
they represent an expansion ol o single neoplastic
cell representing usvally at least 9% of the adenoma

celle. Therefore, we have compared the FDE lsoform
expression of the ditferent pitaitary adenoma subtypes,
Whereas FDE4A4 was expressed lower in tumor PREL
cells and hlgl'n:: in tumar ACTH cells, the apposite
was observed for TDE4AR boform. Although these
observed results are quite of unknown origing, the
differences betwesn Boforms might be related to the
evalutionary change from ome isoform to the other
(Mackenzie of af. 20081, We note that as we had to ose a
different secondary antitrody for the prolactinomas for
the PDE4AR staining, this might have influenced the
COMPAriSons.

AIP mutations that predispose to adenomas alsa
impair AIF's ability to interct with PDE4AS (Leontiou
et af. 2008, lgreja of al. 20100 However, AP Inleracts
with a number of proteins, including survivin and RET
(Vargiolu ef al. 2009, Kang o al. 2011}, both important
growth regulatory proteins, with the aryl hydrocarbon
receplor (Carver & Bradfeld 1997) and with cAMP
signaling pathway members G -2 and G_;-3 (Tuimlnen
et al. 20150 or PREARIA (Schemthaner-Reiter of al,
206141, as well as warious chaperones, such as Hsp9o
and Hap70. AIP has also been described o interacting
with a different PDE, specifically PDEZA; however,
the biochemical and physiclogic implications of this
observation remain ancertain (de Clivelm of al. 2007,
de Cliveira & Smolenski 20091 Therefore, we need 1o
explore further the potential role of the PDE4A4/5-AITF
interaction in the pathogenesis of pitultary tumaors, It
s possible that TDELAYS in particular, In view of its
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selective interaction with AIR plays an important role
In AlMs tumor suppressor effect; however, it 1s also
possible that increased expression of FDE4 iscforms
could be a cellular response to the pro-proliferative
cffects of A" loss in pltultary adenoma cells. Finally,
it Is possible that PDE4A4/5 and other PDE4 isoforms
play a mole in pituitary processes other than adenoma
formation.

Giiven that oncogemnic mutations i AP atfenuate its
Interaction with FDEAAS, itis possibile that PDE4A protein
tsoforms have important functional rales in pitultary and
pituitary adenomas. We have shown previously that AIP
inhibits the enzymatic activity of PDE4AS and therefore
acts to increase cAMP levels and activate PEA. Therefore,
loss of AIP function should increase the activity of
PDE4A4/S, lower cAMD levels, amd downregulate PEA.
Given that activation, rather than lnactivation, of PFEA
predisposes to somatotroph adenomas (Introduction” for
details), it s most likely that the effect of the AIT? mutants
on PDE4AYS is to generale a compensatory response to
lumarigensis, rather than 1o proimote huimorigenesis.
AP may support the function of inhibitory G-prolein
G2 (Tuominen of af. 2005), and the lack of AP leads
to peduced G2 function, Increased adenylyl cyclase
activity, amd therefore higher cAMP bevels. Overactivation
of adenylyl cyclase due to gsp mutation, however, s
known to produce overexpression of TDE4 as 2 possible
compensatory. process (Peverelli of all 2004). Interaction
al AlP and PDEAAGSS sy pl.l}' a robe in this [reCERL.
However, further lunctional experiments will be needed
to assess this possibility. Intersstingly, AIl' mutations do
not assockate with gsp mutatbons in human adenomas
(Hernander-Ramires of al. 200 5r)

In this study, we assay 0 number of newly identified
AIP varlants and show that almost all of them sttenuate
their interaction with PDE4AS. This is consistent with
these vardants having an important effect on the blochem-
ical activity of PDE4AS, However, potential ancmalies
remain, in that two vanants deemed pathogenic based
on clinical data, K103R and AG2Z3/E24, have no clear
Iﬂhihllut}- alfescl, oF inay augment the interaction,
as measured by our assay, K103R s a conservative
substitution, and both KI03R and AG2Z3/E24 are bocated
outside the TPHs, which are considered to mediate AP
protein’s interaction with PDE4AS. [E is possible that these
mutations might destabilize the AP protein generally
in mammalian cells, a5 we have shown for several
disease-cousing  missense varlants (Hemmander-Raminez
etal, 0158 or have other effects on AIP andfor PDE4A4/5,
which might not be detected by our assay, Further

POEA Lo pituitary amoriganasi

functional studies might provide additional tnsights inte
the apparent aberrant effects of these mutants,

Or stwdy has several limitations. Although there s
high homology between rat PDE4AS and hiaman PDE4A4,
the human PDE4A4 protein has not been previously
shown to interact with AIR. The namber of human
samples asseaed for these protein expressions needs to be
inereased in the future.

in SURTIITRATY, CHIr Hata suggest, 1o our knm\]minr for
thie fiest time, that POE4AYD and PDE4AE are expresied in
noimal hurman pituitary cells and are overexpressed in all
studied pituitary adenoma subtypes. [Nfferences among
different adenoma subtypes for PDE4A4 and PDE4AS
bsotorms. might be related to the rapid evolutionary
change from one isoform i the other. We have abo
tested pew AP mutants for thelr sbility to distupt the
PDE4AS-AIP interaction. Our results suggest a number of
further studies. We have yet to evaluate the ATP content,
and its correlation with PDE4 isoform expresston, in
nommal and adenomatous pituitary, Determining FOE4
expression in AlPmiitaled  tumoes will ;:H:lu.lbl}- iy
shed light on this feld The physiological functionds)
and possible pole of PDE4s In counteracting pituitary
tumorlgenesis require further investigation.
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ARTICLE INFO ABSTRACT

Keywords: Type 4 phosphodiesterases (PDE4s) of the large PDE enzyme superfamily have unique specificity for cAMP and
GH-Secreting tumour may, therefore, be relevant for somatotroph wmorigenesis. Somatotroph adenomas typically overexpress PDEs
Acromegaly probably as part of a compensatory mechanism o reduce cAMP levels. The mat PDE4AS isoform (human
i § homolog PDE4A4) interacts with the AIP protein, coded by a tumour suppressor gene mutated in a subgroup of
ﬁ:’;’;’:fmm familial isolated pituitary adenomas (FIPAS). PDE4AS is the closest related isoform of PDE4A4, We aimed to

evaluate the expression of both PDE4A4 and PDE4AS in GH cells of AlP-mutated adenomas and compare their
expression with that in GH cells from sporadic AlP-mutation negative GH-secreting adenomas, where we had
shown previously that both PDE4A4 and PDE4AS isoforms had been overexpressed. Confocal immuno-
Auorescence analysis showed that both PDE4AS and PDE4A4 had lower exp in AIP- ed somat

tropi ples compared t lic GH-secreting tumours (P < 0.0001 for both). Based on the association
of low PDE4A4 and PDE4AB expression with germline AlP-mutations positive samples we suggest that lack of
AIP hinders the upregulation of PDE4AS and FDE4A4 protein seen in sporadic somatotrophinomas, These data
point to a unique disturbance of the cAMP-FDE pathway in AIP-mutation positive adenomas, which may help to

explain their well-des

ribed poor to fn anal

1. Introduction

Cyclic nucleotide phosphodiesterases (PDEs) comprise a large en-
zyme superfamily (PDE1 through PDE11) that breaks down the second
messengers cAMP and/or cGMP and thereby regulate signal transduc-
tion pathways (Francis et al., 2011). PDE4 enzymes are differentiated
from other members of the PDE superfamily by their specificity for
cAMP. PDE4 subtypes PDE4A, PDE4B, PDE4C and PDE4D are encoded
by four different genes and each of these genes encodes multiple iso-
forms, via isoform-specific promoters or by alternative splicing (Conti
et al., 2003; Houslay and Adams, 2003; Houslay et al, 1998). The
PDE4A4 (rat analogue: PDE4AS) isoform is expressed in a variety of

tissues, inchuding various brain regions (Bolger etal., 1993, 1994, 1996;
McPhee er al, 2001). This isoform has a highly conserved amino-
terminal region with 88% similarity with the rat PDE4AS amino-
terminal region (Bolger er al., 1994) and two upstream conserved re-
gions (UCR1 and UCR2) which is also present in PDE4A8 (Mackenzie
et al.. 2008). The PDE4AB isoform, expressed in the brain and skeletal
muscle, is closely related to PDE4A4, differing only in its amino-term-
inal region (Mackenzie et al., 2008) and containing the EELD motif in
the UCR2, which may be relevant to protein-protein interactions.
When compared to other PDE isoforms, human PDE4A4/AS is un-
iquely associated with the AIP protein (aryl hydrocarbon receptor in-
teracting protein) (Bolger et al., 2003), a co-chaperone known to have
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tumour suppressor functions in the pituitary. Loss of function mutations
in AIP are typically associated with invasive, difficult to treat somato-
troph adenomas occurring in children or young adults (Beckers e al,,
2013) either in familial or simplex serting. While wild-type AIP protein
interacts in vitro with PDE4AS (Bolger et al, 2003), mutated AIP pro-
tein loses its ability to interact with PDE4AS (Bolger et al., 200 6; lgreja
et al., 2010). It is not known how would AIP interact with the PDE4
molecules, but as a co-chaperone it might influence protein levels in the
cell.

We have recently demonstrated the expression of both PDE4AS and
PDE4A4 in normal human pituitary tissue, and established that both of
these proteins are overexpressed in GH-, ACTH-, PRL- and FSH-positive
adenomas (Bolger et al.. 2016). Here we smdied PDE4A4 and PDE4AS
protein expression in GH-secreting tumours from patients camrying
germline AIP mutations. We hypothesized that lack of functional AIP
protein might alrer the expression of these phosphodiesterase isoforms.

2. Materials and methods
2.1. Subjects and patients

Samples from pituitary adenomas (n = 11) were obtained at trans-
sphencidal surgery (Table 1), Patents were diagnosed on the basis of
clinical and biochemical findings of acromegaly before surgery, fol-
lowed by immunohistochemical determination confirming the GH ex-
pression: all slides utilized from GH-secreting tumours showed more
than 9% tumour tissue, as confirmed by the haematoxylin and ecsin
technique. Autopsy pituitary samples (n = 3) were collected within 24-
h of death from adult patients withour evidence of any endocrine ab-
normality and were taken as controls. Pituitary architecture was eval-
uated by haematoxylin and eosin and reticulin staining. Slides from
both normal pituitary tissue and GH-secreting tumours were obtained
through consecutive cuts; in some samples we had limited tissue
available, Written informed consent was obtained from all pituitary
patients, and the protocol was approved by the institutional Research
Ethies Committee.

All patients with acromegaly (Table 1) included in the study showed
clinical and biochemieal signs of acromegaly and tumour samples were
positive for GH immunchistochemistry. Patients (2 males and 2 fe-
males) with AIP mutations (F269 H275dup, R304%, Q164%, and E222%)
had macmadenomas with a median age of diagnosis at 25.5 years
(range 23-32). Sporadic patients (4 males and 3 females) with soma-
totroph macroadenomas had a median age of diagnosis of 47.5 years
(range 35-70). As expected, patients harbouring AIP mutations were

Table 1
Clinical characteristics of the patients included in the study.
Patient Number Sex Diagnosis Size AIP mutation Age at
diagnosis

Patient AIP 1 M Gigantism mamo pF260 H27Sdup 24

Patient AIP 2 B Acromegaly maco  pR3M4* 27

Patient AP 3 M Acromegaly macro  p.E22IY a2

Patient AIP 4 F Acromegay mae pQle4* 23

Patient E AfTomegsy  macro  negative 53
cantrol_L

Patient E Arromegaly macro  negative 42
control 2

Patient F Arromegaly macro  negative 40
control 3

Patient M Acromegaly macro  negative NA
control 4

Patient M Arromegaly macro  negative 70
control 5

Patient M Arromegaly macro  negative 53
control &

Patient M Acromegaly macro  negative 39
cantral 7
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characterized by early onset of disease (age of diagnosis, P < 0.01
when compared with sporadic cases). None of the patients with acro-
megaly were treated before the surgery with somatostatin analogues or
dopamine agonists,

2.2, Immunoblotting, immunofivorescent stoining, and confocal microscopy

To generate specific antibodies against human PDE4A4 and
PDE4AS8, COS7 cells were transfected with the plasmids containing
pcDNAN46VSY (including a fragment of a vesicular stomatitis virus
(VSV) epitope at their carboxy terminus) to express human PDE4A4, or
with pcDNA4ABVSV to express human PDE4AB, or with vector pcDNA3
(Life Technologies), as previously described (McPhee er al, 1999;
Mackenzie et al., 2008; Christian et al., 2010). Incubation with the
primary PDE4A4 and PDE4AS (dilution 1:500) and with VSV (Sigma,
USA, Kreis, 1986) antibodies were performed for 1 h in Tris-buffered
saline with 0.1% Tween-20, followed by 2 washes in the same buffer.
Secondary antibody incubations (SC-5099, Santa Cruz Biotechnology,
USA, 1:10,000) were performed in the same buffer, followed by 2 wa-
shes in the same buffer. Signal development was performed using en-
hanced chemiluminescence (Pierce-ThemmoFisher, Waltham, MA USA).

For human PDE4A4 staining we used the mouse monoclonal anti-
body 4A4-1 generated against the specific amino-terminal region of
PDE4A4 (SAERAERERQPHRPIERADA) (GenBank L20965) (Bolger
et al., 1993, 1994, 2016; Mackenzie et al., 2008), For human PDE4AS
staining we used a mouse monoclonal antibody 4E1.16, thar was gen-
erated using the unique amino-terminal region of PDE4AS sequence
GDERSRETPESDRAN (GenBank AYS593872) (Bolger et al, 2016;
Mackenzie et al., 2008), All monoclonal antibodies were purified by
limiting dilution and then grown in culture. Antibodies were then
purified from culture supematants with a protein G-affinity matrix
(Pierce-ThermoFisher), and there was no cross reactivity between the
antibodies,

Immunostaining for GH, PDE4A4 and PDE4AB was performed as
previously described (Bolger et al., 2016), using fat tissue as negative
control. We performed confocal immunofluorescence analysis of GH-
secreting adenomas, with and without AIP mutations, and nomal pi-
tuitary tissue. In brief, after deparaffinization and application of pre-
warmed retrieval solution (Dako, California, USA, 40ml of stock into
360 mL water) sections were incubated in blocking solution (1% BSA
and 0.1% Tween 20) at room temperature for 1h and then incubated
overnight ar 4 °C with one of the primary antibodies. In order to co-
localize the selected proteins in somatotroph cells, goat anti-GH {120;
1:50) from Santa Cruz, were also added to the incubation buffer. Sec-
ondary antibodies were applied for 1 h with anti-goat Alexa 546 (1:100,
Invitrogen, USA), anti-rabbit Alexa 488 (1:400, Invitrogen) or anti-
mouse Dylight 488 (Pierce-ThermoFisher), according to the primary
antibody previously used. Images were captured through confocal mi-
croscope (Leica TCS SP5), 63 % objective, and 630 % original magnifi-
cation).

All confocal settings were determined at the beginning of the ima-
ging session and remained unchanged. For quantitative analysis, images
were captured at eight bits and analysed in grey scale, using the pro-
tocol we have published previously (Bolger et al, 2016 Ribeiro-
Oliveira et al.,, 2008). Three to four images were captured randomly
from each sample and three measurements were obtained for each
image, with about 30-50cells also chosen randomly in each analysed
sample. Imaged (NIH, Bethesda, USA) software was used to quantify
fluorescence intensity and area intensity, as well as area of each in-
dividual cell. The background fluorescence and the energy intersity
threshold were then subtracted from the region of interest in the same
level for all examined pictures. The relative fluorescence corresponded
to the unit ‘grey level’, varying from zero (black) to 255 (white), as an
average of the area for each cell (sum of grey value of all pixels divided
by the mumber of pixels/area).
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Fig. 1. Expression of PDE4A4 in GH-secreting tumours with different AP mutations,

(A} Immunofluorescence with the 4A4-1 antibody in fat tissue, as a negative control,

(B) immunoblotting with the 4A4-1 andbody. COS7 cells were trnsfected to express human PDE4A4 (4A4) or vector (Vect). All PDE constructs also encoded a VSV
epitope at the carboxyl-terminus of the protein. LDS-PAGE and immunoblotting with an antibody against V5V, or with 4A4-1, were performed as described in the
‘Materials and methods’ section, The PDE4A4 protein migrated at 97 kDa,

(C) Double immunofluorescent staining using monoclonal 4A4-1 (green staining) and polyclonal GH antibody (red staining) in normal pituitary (representative
example rom the 3 samples), in GH-secreting tumour without AIP mutation (representtive example from the 7 samples), and in GH-secreting numour samples with
AP mutations [(F260_H27 5dup, RA04*, E222%)]. The bar graphs bilow the images provide semi-quantitation of the relative luorescence of PDE4A4 in the 3 normal
pituitaries, 7 sporadic adenomas and the 3 individual AIP mutation positive samples. Scale bars 25 pm. All data are shown as mean * standard error; AU, arbitrary
units; *P < 0.0001 in relation to normal GH pituitary cells, and @P < 0.0001 in relation to non-mutated GH-secreting tumour cells, (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.3. Sraristical analysis

Variables were first checked for normal distribution through the
Shapiro-Wilk test. Data were tested for statistical significance with the
non-parametric Mann-Whitney test or the Kruskal-Wallis test, followed
by Dunn's multiple comparisons test using GraphPad Prism 6.0 (La
Jolla, USA). Significance was taken as P < 0.05. Data are shown as
mean # standard error.

3. Results
3.1. The expression of PDE4A4 in GH-secreting tumowrs with AIP mutn tions

‘We found overexpression of PDE4A4 in the sporadic GH-secreting
tumour cells when compared to GH cells in normal pititary
(P = 0.0001, Fig. 1), confirming results that we have seen previously
in a different set of samples (Bolger et al,, 2016). On the other hand,
GH-secreting tumour cells with AP mutations showed a significant
decrease in the expression of PDE4A4 when compared to those without
an AIP mutation (P < 0.0001, for all), with expression levels similar to
those observed in GH cells of normal pimitary.

3.2, The expression of PDE4AS in GH-secreting tumours with AIP mumtions

There was an increased expression of PDE4AS in somatotroph tu-
mour cells from patients without AIP mutations when compared to
nomal pituitary GH cells (P < (.0001, Fig. 2), confirming results that
we have published previously (Bolger et al, 2016). However, somato-
troph adenomas from patients with AIP mutations showed a significant
decrease in the expression of PDE4AS, when compared to tumour cells
without an AIP mutation (P = 0.0001). For two of the analysed mu-
tants, the expression level of PDE4AS was also decreased when com-
pared to normal pituitary.

3.3. PDE4A4 and PDE4AS expressions in AIP mutation negative GH-
SECTeting tmours

‘We compared the expression of PDE4A4 to the expression of
PDE4AB in AIP mutation negative GH-secreting tumours. We expressed
the level of these two PDE isoforms in the AIP negative tumours based
on the level seen in somatotroph cells of the normal pituitary and then
compared the relative expression of PDE4A4 to that of PDE4AS
(P = 0.0001, Fig. 3) in AIP mutation negative GH-secreting fumours.
We found a higher level of PDE4A4 expression than PDE4AS (Fig. 3),
and also higher PDE4A4 was seen in the AP mutation positive samples
than PDE4ASB (Figs. 1 and 2), suggesting that this isoform plays a key
role in the compensatory rise of PDEs in somatotrophinomas,

4. Discussion

Changes affecting the cAMP pathway are known to predispose to
somatotroph adenomas, as patients with somatic GNAS mutations
leading to overactive adenylyl cyclase or with germline PRKARIA
mutations leading to disinhibited protein kinase A often develop

pituitary hyperplasia or adenoma (Hemndndez-Ramirez et al,, 2018).
PDEs play a key role in cAMP signalling, by catalysing the breakdown
of cAMP to AMP, thus influencing downstream regulatory effectors
(Francis et al., 2011; Maurice et al., 2014). Expression of overall PDE4A
mRNA was found to be variable in somatotroph tumours previously
(Persani et al., 2001), independently of gsp mutation status, while
PDE4A subtypes were not studied at the protein level. We have recently
established that PDE4AS and PDE4A4 are both consistently over-ex-
pressed in sporadic somatotroph adenomas (Bolger et al., 2016). In this
study, however, we have found that both isoforms are significantly
reduced in somatotrophinomas with AP mutations. This loss of
PDE4A4 and PDE4AB protein might be due to the loss of functional AIP
protein. As a co-chaperone, AIP may help proteins to keep their normal
protein conformation and therefore stability, Indeed, AHR, a well-
known binding parmer of AIP, have reduced levels in AIP-mutated pi-
tuitary adenomas {Jaffrain-Rea et al., 2009).

The samples used in this study had either a nonsense mutation or a
segmental duplication. The nonsense mutations lead either to nonsense
mediated decay and therefore no protein at all (0164* and E222%) or to
very rapid degradation of the shortened protein (R304%) (Hemdindez-
Ramirez et al., 2016) which anyway lacks part of the crucial C-terminal
alpha-helix, therefore not representing functional protein. We have
recently shown that the segmental duplication also leads to a very rapid
degradation of the protein (Salvatori et al, 2017), while the duplicated
region theoretically disrupts a protein segment important for partmer
binding. Therefore all these murations result in complete lack of AIP
function.

When samples are compared for the presence of the different
phosphodiesterases isoforms, we noted that PDE4A4 expression in-
creases more than PDE4AB in AIP mutation negative adenomas, sug-
gesting that PDE4A4 compensatory increase is higher for this isoform.
PDE4A4/5 is known to bind to AIP, and the EEDL maotif is also present
in PDE4AS, suggesting that theoretically this protein might also bind
AIP. However, no experimental data are available regarding this due to
the poor expression of PDE4AB in in vitro experimental settings (Bolger
et al.. 2016). As AIP is a co-chaperone and one of its roles is to protect
proteins from degradation, we hypothesise that lack of AIP may lead to
accelerated PDE4A4/8 degradation in AIP-mutation positive tumours.

Overactivation of the cAMP pathway is known to increase PDE le-
vels (Peverelli et al., 2014), possibly as a compensatory mechanism.
Indeed, we have observed increased PDE4A4 and PDE4AR protein ex-
pression in sporadic adenomas both in a previous (Bolger et al,, 2016)
and in the current study. However, in adenomas with AIP mutations,
the decreased expression of PDE4A4 and PDE4AR in the mutation
samples suggests that these tumours have an altered balance of the
cAMP-PDE pathway which may play a role in the tumorigenesis, We
note that while both PDE4A4 and PDE4AS are showing changes into the
same direction, there is absolutely no cross reactivity between these
antibodies (Bolger et al,, 2016; Mackenzie et al, 2008). In addition, the
higher expression of PDE4A4 in GH-secreting adenomas without AP
mutation compared to PDE4AR possbly explains why the expression of
PDE4A4 in the mutants have not reached lower levels than in normal
pituitary, as observed for two mutants with PDE4AB. We see some
variability of the reduced PDE4AB expression, probably related to the
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Fig. 2, Expression of PDE4AB in GH-secreting tumours with different AIP mutations,

(A) Immunofluorescence with the 4E1.16 antibody in fat tssue, as a negative control.

(B) Immunoblotting with the 4E1.16 antibody. Extracts from COS7 cells transfected to express PDE4AB-VSY o with vector (Vect) were immunoblotted with an
antibody against VSV or with 4E1.16. On separate gels, PDE4AB-VSV extracts were immunoblotted with 4E1.16 and the peptide used as immunogen (P1), or an
unrelated peptide (P2). The PDE4AB protein migrated at 102kDa,

(C) Double immunofluorescent staining using monoclonal 4E1.16 (green staining) and polyclonal GH antibody (red staining) in normal pituitary (representative
example from the 3 samples), in GH-secreting tumour without AIP mutation (representative example from the 7 samples), and in GH-secreting umour samples with
AIP mutations (F269 H275dup, R304* and Q164%). The bar graphs below the images provide semi-quantitation of the relative fluorescence of PDE4AB in the 3
normal pituitaries, 7 sporadic adenomas and the 3 individual AIP mutation positive samples. Scale bar: 25 pm. All data are shown as means * standard error; AU,
arbitrary units; *F < 0.0001 for comparisons with normal GH pituitary cells, and @F < 0.0001 for comparisons with non-mutated GH-secreting tumour cells, (For
interpretation of the references to colour in this fgure legend, the reader is referred to the Web version of this article.}

250_ were nonsense mutations, they should be similar in terms of disease
mechanism. However, even with small sample size we were able to see

% significant changes in pituitary PDE expression as well as to show
concordance of expression whenever samples were tested for both

isoforms. Furthermore, the double immunostaining we have used in this

study is the gold standard method to co-localize pmtein expression in

200-\- neoplastic and nomal somatotroph tissues from patient samples. In
vitro studies are needed to further investigate the suggested me-
chanism.

In conclusion, there is reduced expression of PDE4A4 and PDE4AS
in AIP-mutated pituitary adenomas compared to sporadic somato-
trophinomas which have a, probably compensatory, elevation of these
150- cAMP-degrading PDE isoforms. These changes could lead to upregula-
tion of the cAMP-pathway and support tumorigenesis while possibly
contriburing to somatostatin receptor ligand-resistance of patients with
AIP mutations. Further studies should investigate these pathways in the
light of the data presented here.
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