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PREFACE

The vast expansion in research on tumorigenesis has greatly increased our
understanding of tumor development in patients with inherited endocrine tumor
syndromes. This book provides an up-to-date summary from clinical basics and latest
follow-up guidelines to the most recent molecular findings in multiple endocrine
neoplasia Type I syndrome. Articles have been assembled by acknowledged
experts in their respective fields to provide current perspectives on the clinical and
genetic backgrounds of this syndrome and to review carefully the latest discoveries
concerning the possible functions and interact ions of menin , the protein encoded by
the MEN1 gene, including its possible role in cell cycle regulation, hematopoiesis , and
bone development. The goal of the book is also to present the most recent findings
and the broadest aspects of the role of menin in tumorigenesis of the endocrine
glands involved in MEN I syndrome (pituitary, parathyroid, endocrine pancreas
and adrenal) . The connection between the basic experimental and clinical points of
view are highlighted through a discuss ion on animal models , which explores the
field in both an inspiring and questioning manner with a focus on areas that remain
to be clarified. Our goal was to bring together clinicians and basic researchers who
represent a wide range of interests in this particular field of endocrine oncology.
Presenting a comprehensive and current overview ofbasic experimental and clinical
findings , this book can bring us closer to understanding endocrine tumorigenesis in
multiple endocrine neoplasia Type I .

Katalin Balogh, MD, PhD
Attita Patocs, MD, MSc, PhD
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CHAPTER!

MENl Clinical Background
Peter Igaz*

Abstract

Multiple endocrine neoplasia Type 1 (MENl) is a rare hereditary tumor syndrome
predisposingto tumor development in severalendocrine organs.Itsmajormanifestations
include hyperparathyroidism. tumors of endocrine pancreas and pituitary. Beside these

three, severalother endocrine (adrenocortical, foregut carcinoid) and nonendocrin e (lipoma. an­
giofibroma.collagenoma,ependymoma, meningioma) tumorshavebeen described to be associated
with this syndrome. Both familial and sporadic forms of the diseaseare known. The diagnosis of
MEN 1 can be established if two of the three major manifestations are found in the samepatient.
whereas the diagnosis of familial MEN 1 requires one MEN 1 patient and a first degree relative
with at least one MEN1 manifestation. MEN 1 is transmitted as an autosomal dominant trait
with high penetrance, approaching 9S-100%by the ageof60. Both benign (parathyroid. anterior
pituitary) and malignant (gastrinoma. glucagonoma) lesions may develop in MENI patients.
RegularsurveillanceofMEN 1gene mutation carriers is necessary to reveal diseasemanifestations.
Severaldiagnostic modalitiescan be used to screen for and to examine MEN l-related tumors. The
therapy ofMEN l -associated tumors requires specific approach in some cases, as multiple tumors
and recurrence is frequently observed.

Introduction
Multipleendocrine neoplasiasyndromeType1(MEN 1,0MIM 131100) hasbeen firstdescribed

byWermer in 1954asan association of tumorsofseveralendocrineorgans.1Themainorgansaffected
include the parathyroids. theendocrine pancreasand pituitary.Apart from thesethree majororgans.
many other. including some nonendo crine tumors may develop in the affected patients.' ?

MEN 1 is a hereditary disorder with autosomal dominant transmission, therefore a child of
a MEN 1 affected parent has 50% chance of inheriting the disease. The development of multiple
endocrine tumor s in the same patient is of great significance also from a scientific point of view.
that may indicate common points in the tumorigenesis ofdifferent endocrine organs. The genetic
background ofMEN 1waselucidated in 1997 by the identification of a putative tumor suppressor
gene (MEN1gene,on chromosome 11q13).whoseinactivatingmutation shavealreadybeen found
in the majority ofMEN 1 patients,"Unfortunately, no mutat ion hotspots (i,e., gene regions.where
mutations are frequently found) have been revealed in the MEN1 gene and efforts at establishing
genotype-phenotype correlationshavealso been largelyunsuccessful to date.TheMEN1genecodes
for a protein termed menin that is involved in numerous molecular biological pathways which
are discussed in other chapters in derail," Besides its inherited form. MEN 1 is also observed in a
sporadic setting, mostlydue to de novo mutations. The likelihood of finding anMEN 1gene muta­
tion is about 70-80%in familialcases,whereasonly4S-SO%ofsporadiccaseswere found to harbor

'Peter Igaz- 2nd Department of Medicine, Faculty of Medicine, Semmelweis University, 1088
Budapest, Szentkiralyi u. 46, Hungary. Email: igapet@beI2.sote.hu
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2 SuperMENl: Pituitary, Parathyroid and Pancreas

Table I. Comparison of MEN1 and MEN2 syndromes

MEN1 MEN2

Function of responsible gene

Type of mutations

Inheritance

Tumor suppressor

Inactivating

AD

Protooncogene

Gain of function

AD

Mutation hotspots No Yes

Penetrance High High

Genotype-Phenotype correlations No Yes

Likelihood of finding germline mutations in familial cases 70-80% >90%

Indication of prophylactic surgery No" Yes (MTC)

·As MEN1-relatedtumors arisein indispensableorgans(pituitary, endocrinepancreas) or thediseasecan
be efficiently diagnosedand cured (HPT), prophylacti c surgery is not indicated, except for prophylactic
thymectomy performed during parathyroid surgery to prevent the development of thymic carcinoids.

MEN1 mutations. The chance offinding an MEN1 gene mutation in an individual increases with
the number ofMENl -relaeed tumors present in the patient and with a positive family history.10

There are several other monogenic tumor syndromes that include tumors ofendocrine organs ,
as well. It is interesting to note that almost all such syndromes show an autosomal dominant in­
heritance pattern.

Manifestations ofthe other major multiple endocrine neoplasia syndrome (multiple endocrine
neoplasia type 2, MEN2) include medullary thyroid cancer (MTC), pheochromocytoma and hy­
perparathyroidism (HPT).MEN2 iscaused bygain-of-function mutations ofthe RET (Rearranged
duringTransfection) protooncogene. MEN2 has three forms: (i) MEN2A is an association ofMTC,
pheochromocytoma and HPT; (ii) in M EN2B a very aggressive MTC variant may associate with
pheochromocytoma without HPT and patients show characteristic marfanoid appearance with
mu cocutaneous neurinomas; (iii ) in familial MTC (FMTC) MTC is the onl y manifestation.
Significant genotype-phenotype correlations have been established in MEN2 syndrome, i.e., it is
possible to predict the expected phenotype in individuals with certain mutations.The likelihood of
finding gerrnline mutations in MEN2 patients ishigher than in M EN 1.In individuals carryingRET
mutations, prophylactic thyreoidectomy is indicated for the prevention ofMTC development.v'
The major difference s between MEN1 and MEN2 syndromes are summ arized in Table 1.

Table 2 summ arizes the major man ifestations ofsome ofthe tumor syndromes with endocrine
relevance.

In the following, the clinical featuresofMEN1syndrome and questions related to its diagnostics,
therapy and follow-up will be discussed.

Clinical Features
M EN 1 isa rare syndrome with an overall prevalence ofapproximately 1:30.000.4•

6 Its penetrance
ishigh (I.e., the likelihood ofovert disease in an individual carryingaMEN1 gene mutation), reach­
ing 95% by the age of55 years. MENI is rare in children and young adolescents , the typical age of
its diagnosis is around 20-30 years,'

The most common and most characteristic man ifestation ofMEN1 is hyperparathyroidism. In
contrast with its sporadic counterpart, MEN l -associated HPT ismostly caused by the asymmetric
hyperpl asia ofall parathyroid glands or multiple tumors. Ectopic, mainly mediastinal location is
also common. HPT in MEN 1 manifests itselfdecades earlier thanspo radic form s, often at the age
of20-25 years, therefore HPT in a patient under 30 years should raise th e suspicion of M EN 1.
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Whereas sporadic HPT is more frequent in females (3:1 male: female ratio), gender imbalance is
not observed in MEN l-relared HPT. Symptoms do not differ between MENl -related and sporadic
HPT that include skeletal (osteoporosis, fractures), kidney (polyuria, polydipsia, nephrolithiasis,
nephrocalcinosis), gastrointestinal (constipation, nausea, stomach and duodenal ulcers, acute and
chronic pancreatitis), cardiovascular (accelerated arteriosclerosis, ischaemic heart disease) and
central nervous system (confusion, dementia, psychosis) manifestations, '! but recurrence is more
common with MEN l-related HPT.4-6 HPT is observed in nearly all MEN 1 patients by the age of
60 years. MENl-related parathyroid tumors are almost never malignant.

Tumors of the endocrine pancreas comprise the second most common type of neoplasms in
MENl. Their prevalence varies between 30 and 80%in different studies.4,I2·13

Gastrinomas are the most frequent, with prevalence reaching 40%. Gastrin oversecretion results
in the classic Zollinger-Ellison syndrome characterized by recurrent gastric and duodenal ulcers.
Diarrhoea is also a characteristic feature. Gastrinomas are mostly malignant, ofi:en metastatising
to the liver. MEN l-relared gastrinoma manifests itself about a decade earlier than its sporadic
counterpart. In contrast with sporadic HPT that is the third most common endocrine disease in
the adult population, gastrinoma is rare and a significant proportion of sporadic gastrinomas ('"
25%)form part of the MEN1 syndrome. MEN l-related gastrinomas are mostly multifocal with
more than 50%located in the duodenum. Liver metastases are found in 23% of patients." The
concomitant HPT can aggravate symptoms ofhyper gastrinemia. 50%ofgastrinomas have already
metastastised before diagnosis. Gastrinomas are major mortality factors in MEN 1, responsible for
about 30%ofdeaths in MEN I,14

Insulinomas occur in 10%ofMEN1patients. They are mostly benign, however, their metabolic
consequences can be life-threatening. Fasting hypoglycaemia, symptoms ofneuroglycopenia and
significant weight gain are its cardinal features.4

•
12

Otherendocrine pancreatic tumors, i.e.,VIPoma, glucagonoma,somatostatinorna and GRF-oma,
may occur as infrequent manifestations ofMENl. VIPoma (Werner-Morrison syndrome) is also
known as pancreatic cholera, as the oversecretion ofvasoactive intestinal peptide (VIP) results in
excessive, watery diarrhoea and hypokalemia (WDHA syndrome: watery diarrhoea, hypokalemia,
achlorhydria)." Glucagonoma is almost always malignant with impaired glucose tolerance or dia­
betes mellitus and a characteristic skin lesion (migrating necrolytic erythema) is ofi:enobserved. "
The symptoms ofsomatostatinoma include hyperglycemia, diarrhoea, steatorrhoea, cholelithiasis. I?

Growth hormone releasingfactor (G RF) secreting tumors (GRF-oma) may lead to the development
ofacromegaly. Its diagnosis is ofi:enestablished following an unsuccessful pituitary operarion."

A significant portion (20-30%) of endocrine pancreas tumors are nonfunctioning, or secrete
pancreas polypeptide (PP). PP-hypersecretion, however, has not yet been associated with clinical
symptoms.12.13

Anterior pituitary tumors constitute the third most important MEN 1 syndrome manifesta­
tion. They are observed in 15-50% (15-90% by others) ofMEN1 patients. The majority (-60%)
ofpituitary tumors secrete prolactin (PRL , prolactinoma). Growth hormone (GH)-secreting tu­
mors (-25%), resulting in acromegaly are also observed. Some tumors secrete both PRL and GH.
Adrenocorticotropin (ACTH) secreting tumors are rare in MENI and lead to the development
of hypercortisolism (Cushing's disease). Besides hormone secretion, pituitary tumors may cause
symptoms due to mass effects (visual field anomalies, cranial nerve palsies, increased intracranial
pressure) and hormone deficiency (hypopituitarism) may also develop. Two-thirds oftumors are rni­
croadenomas, with a diameter lessthan 1cm.4-6MENl-related pituitary adenomas are usuallylarger
and behave more aggressively (faster growth, invasiveness) than sporadic pituitary rumors."

Adrenal tumors are observed in 20-40% of MEN1 patients. These originate mainly from the
adrenal cortex. Their vast majority is hormonally inactive, a small proportion « 10%)can be hor­
mone secreting leading to hypercortisolism (Cushing's syndrome). Primary aldosteronism has also
been occasionally reported. The adrenocortical tumors are mostly benign, adrenocortical cancer
(ACe) has been described only in a few cases. Pheochromocytomas also occur in MENI «1%),
but they cannot be considered as major manlfesrarions.sv "
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6 SuperMEN]:Pituitary, Parathyroid and Pancreas

Foregutcarcinoidtumors represent a significant, but not asfrequentmanifestations of MEN1
as the precedingfeatures. Thymiccarcinoids are more frequent in malepatients, ofien malignant
and largeat diagnosis ," Underlying MEN1 maybe found in about 25%of sporadicthymiccarci­
noids. Other carcinoids (bronchial,gastric, duodenal) are alsofound. Both gastric and bronchial
MEN l-related carcinoids canbe moreaggressive thantheir sporadiccounterparts.Whereasmore
than 50%ofsporadiccarcinoids arehormone-secreting, MENl-relaredcarcinoidtumorsaremostly
hormonallyinactive,veryrareACTH, CRH (corticotropinreleasinghormone) or GRF secreting
tumors maybe associated with hypercortisolism and acromegaly, respectively.4,21

Thyroidtumorshavebeenreportedinover25%ofMEN1patients, but astheseareveryfrequent
in the population, they are not considered to form an integralpart of MEN1 syndrome."

Apart fromendocrinetumors,MEN1syndromeencompasses nonendocrinemanifestations, as
well.Veryfrequently observeddermatological manifestations includecollagenomas, lipomasand
facial angiofibromas. These"minor" lesions can be veryimportant for diagnosis. The presence of
one or more collagenomas and 3 or more angiofibromas in MEN1 patientswith gastrinomas was
found to have75%sensitivity and 95%specificity forMENIY Centralnervoussystem tumorsi,e.,
ependymomas and meningiomas havealsobeen described.Ylhe tumor manifestations of MEN1
are summarizedin Table 3. Some endocrine syndromes may developvia multiple pathogenetic
mechanisms, described in Table4.

Diagnosis ofMENl
Thediagnosis of MEN1canbe established if two of the three majorfeatures (HPT, endocrine

pancreas, pituitary) are found in the sameindividualeither in a simultaneous or a rnetachronous
fashion.Thediagnosis of familial MEN1isbasedon a MEN1patient havinga firstdegreerelative
with at leastone of the majormanifesradons.v'

MENl Variants and Phenocopy
As MEN1 includes many manifestations, the identification of some variants with peculiar

characteristics is not surprising. In fact, MEN 1 is one of the most variable endocrine tumor
syndromes,"

The MENI Burin variant was identifiedin four large kindreds in Newfoundland (Canada)
harboringthe samemutation, that raises thepossibilityofa foundereffect. Prolactinoma,carcinoid
and late onset parathyroidtumors arethe most characteristic features in thesepatients, endocrine
pancreastumorsarerarely observed." Apart fromthe Burinvariant,other families, harboringother
mutationswith frequentprolactinomaand raregastrinomamanifestations wereidentified ."

Hereditary HPT can be part of MEN1,MEN2, familial hypocalciuric hypercalcemia (FHH)
and hyperparathyroidism-jaw tumor syndromes." Apart from these,the entityof familial isolated
hyperparathyroidism (FIHP) hasalsobeendescribedinseveral kindreds.29.3O Somestudiesrevealed
MEN] genemutationsin about 20-35%ofFIHP kindreds,1O·31 but other studiesfailedto confirm
thesefindings.32

AlowpenetranceMEN1family withacromegaly and HPTwasalsoreporced.PFamilial isolated
pituitary adenoma(FIPA) syndromehasnot been confirmedto be a MENI varianr.r'

Thephenomenonofphenocopyisknownto occurin MEN1.Phenocopydescribes thesituation
if the clinicaldiagnosis of a genetically determineddisease isestablished in an individualwithout
the specific geneticalteration,i.e., a sporadicformof the disease ismistakenly judgedasgenetically
determined. MEN1 phenocopyoccursboth in sporadicand familial settings. As sporadicforms
of mild HPT and asymptomatic pituitary tumors are frequent,MEN1 family members suffering
fromthesebut lackingspecificMENI mutationscanbeincorrectly judgedasbeingMEN1patients.
Up to 10%of MEN1 patientsdiagnosedbyclinical, biochemical and radiological screening may
havephenocopy," Theoretically, MENI phenocopymay alsobe causedby other familial tumor
syndromes with low penetrance, or-similar to McCune-Albright's syndrome-due to somatic
mutations duringearlyembryonicstages." In most cases, phenocopycan be ruled out by genetic
analysis. Patientswith MEN1phenocopydo not need surveillance for MEN1 manifestations.
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Table 3. Manifestations of MEN1 syndrome

Endocrine Manifestations

7

Nonendocrine Manifestations

Feature Percentage Feature Percentage

HPT 90-1004,6

Endocrine Pancreas Tumors 30-8022

Gastrinoma 404

Insulinoma 104

Nonfunctioning 204

Glucagonoma, 24

VIPoma, GRFoma, somatostatinoma

Anterior Pituitary Tumors 15-907

Prolactinoma 204

Facial angiofib roma 85-904

Collagenoma 704

Lipoma 20_304,22

~om~~ 1~

(esophagus, lung, rectum, uterus)

Ependymoma 14

Meningioma 5_84,24

Nonfunctioning

GH-secreting

GH + PRL secrering

ACTH-secreting

TSH-secreting

Adrenal Tumors

Adrenocortical adenoma

ACC

Pheochromocytoma

Foregut Carcinoids

Thymic

Gastric

Bronchial

5_404,7,22

Table 4. Endocrine syndromeswith complex etiology in MEN1

Endocrine Syndrome

Acromegaly

Hypercortisolism (Cushing's disease or
syndrome>

Etiology

i. GH-secreting pituitary tumors

ii. GRF-secreting endocrine pancreatic tumors (rare)

ii i. GRF-secret ing bronchial carcinoid (rare)

i. ACTH-secreting pituitary tumors

ii. Cortisol-secreting adrenocortical tumor (rare)

iii. CRH or ACTH secreting foregut carcinoid (rare)
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Diagnostics ofMENI-Related Tumors

HPT
Thelaboratorydiagnosis ofHPT isin generaleasyand relies on elevatedserumcalcium (hyper­

calcemia) and serum parathormonelevels."As all four glandstend to be affected in MENl that
warrants intraoperative surgical examination of all, preoperative imagingis of lesser importance
than in case of sporadicparathyroidtumors.

Imaging techniques areindispensable, ifreoperation isrequired. Ultrasonography, 99l1ifc-sestamibi
(methoxyisobutylisonitrile) parathyroidscintigraphy, computed tomography (CT) or magnetic
resonance imaging(MRI) can be used.Among these, the combinationof scintigraphy and ultra­
sonographyisthe mostsensitive (>90%) for locatingnecklesions, the identification of mediastinal
rumorsisdifficult, scintigraphy and MRI maybehelpful."

Pancreatic Islet Tumors

Laboratory Diagnosis
Thelaboratorydiagnosis ofgastrinoma relies on high serumgastrinlevels.GastricpH measure­

ment and dynamictests (secretin and calcium infusion test) havediminishingclinical relevance,
but can be wellexploitedif the diagnosis isumbiguous. Asdrugs inhibitinggastric acidsecretion
(H2-antagonists,proton pump inhibitors (PPI)) augment serum gastrin levels, these should be
discontinuedbeforeits measurement (two daysfor H2 antagonists, one weekfor PPI).38

For the diagnosis of insulinoma, the simultaneous elevation of seruminsulin and C-peptide
concentrationswith hypoglycemia (seGlu<2.2rnmol/l) aremandatory.The72-hoursfastingtest is
mostwidelyusedfor the provocationofhypoglycemia."Elevated serumproinsulinconcentration
canbe characteristic for insulinoma."

Forthe laboratorydiagnosis oftheotherhormone-secretingpancreatic tumors,themeasurement
of the specific hormone (VIP,GRF, somatostatin) is the most appropriate."

Mosttumorsoftheendocrine pancreas secretechromograninproteins. Chromogranins arestored
in the densegranules ofneuroendocrine cells and released alongwiththe mediators.Chromogranin
A (CgA) is a sensitive marker for many endocrine pancreas tumors, includinggastrinomaand
VIPoma,whereas chromograninB (CgB)ismorecharacteristic for Insullnomas.w'"

Hormonallyinactive tumorsmayalsosecrete CgAthat canbewellexploitedfor theirlaboratory
diagnosis.Pancreatic polypeptide (PP)mayalsobesecreted,but itssensitivity andspecificity islower
than that forCgA.41 CgA,however,canbeelevated inother tumorstoo,includingcarcinoid tumors,
pheochromocytomas, other neoplasms (hepatocellular, lung,prostatecancer). Essential hyperten­
sion, chronic renalinsufficiency, steroid therapyand gastricacidsuppression (H2-antagonist and
PPI therapy)mayalsoinduceserumCgA elevation that limit itsspecificity,"

Imaging
Aspancreaticislettumorsaremostlysmall, their localization isdifficult. Besides classic imaging

techniques (ultrasonography,CT,MRI),specific diagnostic modalities canalsobeexploited. Among
these,somatostatinreceptorscintigraphy canbeveryhelpful,asthemajorityof thesetumorsexpress
receptors forsomatostatin (SSRl-5)enabling theuseofradioactively labelled somatostatin analogues
(11 1In-diethylenetriamine penraacetic acid ocrreoeide) for diagnostic purposes. Endoscopic ultra­
soundisverysensitive (>90%) forthe localization ofduodenalor pancreatic tumors.Angiography is
less usednowadays,but selective arterialstimulationcanbeefficient for thediagnosis ofinsulinoma:
selective injectionofcalcium in the catheterised pancreaticsupplyingarteriesleads to insulinsecre­
tion that canbe measuredin the blood taken from hepaticveins.46-49

Pituitary Tumors
Detailed endocrinological examinations are needed for the analysis of hormone-secretion or

hormone deficiency states. Serumprolactin, thyroidstimulatinghormone (TSH), ACTH, corti­
sol,gonadotropins(luteinizinghormone (LH), follicle stimulatinghormone (FSH)), insulinlike
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growthfactor(IGF-I) shouldberoutinelyexamined. IGF-I canbesufficient to screenfordevelop­
ing acromegaly, however, the correctdiagnosis of acromegaly relies on oral glucose tolerancetest
(OGTT) with serialgrowthhormone (GH) measurements.

MRI is the gold standard imagingtechnique for pituitary tumors, enablingthe diagnosis of
evensmallmicroadenomas."

Adrenal Tumors
Adrenal tumors are mostlydiscovered by routine imagingtechniques, i.e., ultrasonography or

CT.Althoughthesearemostlyhormonally inactive, hormonesecretion shouldbeexcluded.Urinary
cortisol,midnight-morningcortisolrhythmand the low-dose dexamethasone suppression test can
be appliedfor the diagnosis of Cushing'ssyndrome, renin/aldosteroneratio isusedfor examining
primaryaldosteronism. Adrenalandrogensshouldalsobe determined.

Pheochromocytomadoes not constitute a major MENI manifestation, on clinical suspicion,
urinary catecholamine metabolite measurements [metanephrine, normetanephrine, homovanil­
lic acid, vanillylmandelic acid) or serum CgA determination should be performed. l3lI-MIBG
(mera-iodo-benzyl guanidine,a catecholamine precursor)scintigraphy isa highlyspecific imaging
techniquefor pheochromocytomadiagnosis."

Carcinoid Tumors
Most MEN l-related carcinoidtumors are hormonallyinactive. However, serumCgA can be

elevatedevenin hormonallyinactive tumors and urinary5-HIAA (5-hydroxy-indol acetic acid,a
serotonin metabolite)should alsobe determined.As thymiccarcinoidtumors areoften indolent
and largeat diagnosis, chestCT shouldbe regularly performedin MENI patientsto diagnose this
potentially fatal manifestation. Thymiccarcinoids maybe locally invasive and indistinguishable
from a thymoma." SSRscintigraphy isusefulfor the diagnosis of carcinoids.

Nonendocrine Tumors
Dermatological tumors areeasily diagnosed on physical examination. As no laboratoryparam­

etersareknownforsmooth muscle and centralnervoussystem tumors, thesecanonlybediagnosed
byimagingtechniques.

Screening for MEN! Manifestations
MEN I patientsshouldbescreened regularly to reveal disease manifestations. Periodical clinical

screening ofMEN] genemutation carriers iseffective to detect MEN I-relatedtumors, therefore
it mayreducemorbidityand moreallry."

Accordingto the recommendations of the MENI consensus conference," annualbiochemical
and periodical(3-5 years) imagingscreenings should be performed.HPT screening should begin
at the ageof 8 years byannual serumcalcium and PTH measurements. Screening for gastrinoma
shouldbestartedat age20,annualserumgastrinandperiodical(every 3-5years) abdominalCT or
MRI canbeperformed. Insulinoma mayappearinearlierages, therefore itsscreening shouldalready
beginat theageof5 byfasting glucose, insulinandC-peptidedeterminations.AnnualCgA,glucagon
and PPdeterminations maybeusedforscreeningotherenteropancreatic manifestations that should
begin at age20. SSRscintigraphy, CT or MRI can be used as imagingtechniques. Screening for
pituitary tumors should alsobegin at age 5, serum prolactinand IGF-I should be determined as
the most frequentlyoversecreted hormones, pituitary MRI isthe mostefficient imagingmodality.
Foregutcarcinoids canbescreenedbyserumCgA,startingat the ageof 20. Chest CT isproposed
to searchfor thymiccarcinoids, Thereisno consensus regarding adrenocortical tumors,no serum
markercanbe proposed, periodicalabdominalCT can be suggested (Table 5).

Indications for MEN] Germline Mutation Screening
In an indexcase,MEN] mutation screeningisalways indicatedif the clinicalcriteriaof MEN I

aremet either in a familial or a sporadicsetting.
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Table 5. Screening for MEN1 manifestations in MEN1 mutation carriers

Age to Begin Biochemical Test Imaging (Every 3-5
at (Years) Manifestation (Annual) Years)

5 Insulinoma Fasting glucose,
insulin, C-peptide

5 Pituitary Serum prolactin, MRI
IGF-1

8 HPT Serum calcium, PTH

20 Gastrinoma Serum gastrin Abdominal CT or MRI

20 Other enteropancreatic CgA, glucagon, proin- SSTR scintigraphy, CT,
sulin, PP MRI

20 Foregut carcinoid CgA CT, SSTR scintigraphy

Adrenal tumor CT

Asymptomatic individuals in MEN 1families with known germline mutations should be exam­
ined. The presence ofaMENl mutation warrants the need for regular clinical follow-up, whereas
absence ofa known mutation in a familial setting renders further clinical screening unnecessary.

MENl mutation analysis can be performed in cases where the diagnosis ofMEN 1 cannot be
established on the clinical criteria, but the caseis suspicious or atypical ofMEN1.4The prevalence of
underlying MEN 1 in case ofsporadic endocrine tumors is summarized in Table 6. Genetic analysis
for MEN 1 should be performed in young «30 y) HPT patients, or ifrecurrent disease and mul­
tiple tumors are found. As the percentage ofunderlying MEN 1 is high with sporadic gastrinomas
and thymic carcinoids, its routine genetic analysis can be proposed. MEN1 genetic analysis is not
indicated in sporadic pituitary and adrenal tumors. Unfamiliar clinical setting (e.g., multiple islet
tumors at any age) also warrants genetic examination.

Considering the molecular biological methods to be used , only the large scale automated
bidirectional sequencing of the wholeMENl gene can be proposed for the analysis ofMENl
mutational status in a sporadic MEN 1 patient. Direct sequencing, however, is very expensive
and laborious, therefore other methods were developed for MEN] mutation screening. These
methods can be used as "prescreening" to facilitate sequencing by identifying the exons that
carry genetic alterations and also for screening members ofMEN 1 families with known muta­
tions. Pre-screening methods are summarised in Table 7. For family screen ing, allele-specific

Table 6. Prevalence of underlying MEN1 syndrome in sporadic tumors

Tumor

Parathyroid

Gastrinoma

Insulinoma

Pituitary tumor

Adrenal tumor

Thymic carcinoid

Oth er foregut carcinoid

Prevalence of Underlying MENl (Reference)

25%3

10%6

<3%3

<1 %62

25%21

<4%63
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Table 7. Comparison ofgenetic prescreening methods forMfNl

Method Abbreviation Sensitivity Specificity Cost

Single-strand conformation SSCP 80-90% ND Moderate

polymorphism

Fluorescent SSCP F-SSCP - 95% -97% Equipment expensive,

measurement cheap

Denaturing gradient gel DGGE -90% ND Moderate

electrophoresis

Temperature gradient gel TGGE -90% ND Moderate
electrophoresis

Conformation sensitive gel CSGE -96% ND Moderate

electrophoresis

Denaturing high-performance DHPLC -100% -100% Equipment expensive,
liquid chromatography high throughput

measurement cheap

ND: no data available in MEN1 screening.

11

oligonucleotide hybridization (ASO), allele-specific amplification (ASA) and restriction frag­
ment length polymorphism (RFLP) can be applied."

Therapy

Hyperparathyroidism
Either subtotal or total surgical removal ofall parathyroid glands is required in MEN1patients,

with the heterotopic autotransplantation ofparathyroid tissueunder the skin ofaforearm to prevent
hypoparathyroidism. Recurrence is common. The main goals ofsurgery include : (I) maintaining
eucalcemia for the longest time possible, (ii) avoiding iatrogenic hypocalcemia and other major
complications, (iii) facilitating future surgery for recurrent disease.54.5SSome authors stand for the
necessity of a simultaneously performed transcervical thymectomy to prevent the development
of thymic carcinolds" This can be considered as the only possibility of prophylactic surgery in
MENl.

A recently developed drug targeting the calcium sensing receptor, the calcimimetic cinacalcet
could be an efficient drug alternative in HPT therapy,57 but no experience is available to date in
MEN1 patients.

Endocrine Pancreas Tumors
Surgical removal is the only curative therapy, but it is often not feasible if the primary tumor

cannot be localized or metastases are present.
Other treatment modalities exist that may be applied to alleviate symptoms and inhibit or

reduce tumor growth .
The majority of endocrine pancreas tumors express several types of somatostatin receptors.

Somatostatin (SS) inhibits the hormone secretion and growth of neuroendocrine cells and
rumors. Due to its short half-life, however, native somatostatin is not suitable for treatment.
Somatostatin analogues (ocrreotide, lanreotide) can be efficiently applied for treating almost all
forms ofendocrine pancreas tumors. Long-acting preparations have also been developed enabling
the administration of somatostatin analogues every two or four weeks.t':" Interferons are also
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effective both in controllinghormone symptomsand alsoin inhibiting tumor growth,but several
side-effects limit their wide-spread application."

Besides SSanalogues and interferons, other drugsarealsoeffective options for certaintumors.
Gastricacidhypersecretion can be efficiently reducedby PPI therapy. PPI-therapyaloneprevents
symptomsrelatedto Zollinger-Ellison syndrome,"

Insulin release maybe reducedbydiazoxide and verapamil."
Isotope(901', 177Lu) labelledSSanalogues arepotent agentsfor the treatmentof metastaticneu­

roendocrinetumors.Theseanalogues areinternalizedbytumor cells (endoradiotherapy) resulting
in high, localradiation.59•60

Pituitary Tumors
Asfastgrowingand invasive pituitary tumors occurmore frequently in MEN I than with spo­

radictumors,regularfollow-up andaggressive treatmentisnecessary. Hormonallyinactive, invasive
macroadenomas shouldbe treatedwith surgeryand/or irradiationtherapy.IS

Prolactin-secretingtumors(prolactinomas) shouldbefirsttreatedwithdopamineagonists (bro­
mocriptin,quinagolide,cabergoline) that areeffective not onlyin reducingprolactinsecretionbut
mayalsolead to tumor shrinkage. In patients,who are nonresponsive to dopaminagonisttherapy
or are noncompliant,surgeryor irradiationcanbe applied."

Surgical intervention is the firstchoicefor the treatment of GH-secretingtumors resultingin
acromegaly, but SS analogues represent an effective treatment option for cases where surgeryis
contraindicated or unsuccessful. A GH receptor antagonist (pegvisomanr) has been developed
recently, but no studieshavebeenperformedin MENI patients to date.

ACTH-secretingtumorsshouldalsobetreatedbysurgery. Drugsinhibitingsteroidbiosynthesis
(rnirotane,ketoconazole, etomidateerc.) canbe used in cases,when surgerycannot be performed
or wasunsuccessful. Asa last resort,bilateraladrenalectomy maybe envisaged.

Surveillance
MEN I patientsshouldbe regularly followed upafterremoval ofMENl-relatedtumors,aswell.

Accordingto the guidelines of the National Comprehensive CancerNetwork (NCCN), detailed
history, physical examination, tumor markers, serum calcium, CT or MRI should be performed
at 3 month postresection. Long term surveillance involves history taking, physical examination,
measurement of tumor markers, serum calcium every6 months in years 1-3postresection, then
annually. Somatostatinreceptorscintigraphy and other imagingstudiesmayalsobeperformed.

Comments and Conclusion
MEN1 is a tumor syndromewith variable clinicalappearance. With the exception of hyper­

parathyroidism that isan almostinvariable manifestation of MEN1,other manifestations arequite
variable. Most tumors relatedto MEN1 arebenign, gastrinomas and thymiccarcinoids, however,
aremostlymalignantand arethe majormortalityfactorsin MEN1.Thelifeexpectancy of MEN1
patients can be almostnormal,providedthat regularclinical, laboratoryand imagingscreening is
performedand disease manifestations aretreatedproperly.

Geneticdiagnosis of MENI cannot beover-exaggerated. PatientswithMEN] mutationsneed
life-longsurveillance, whereas no follow-up isnecessary for nonaffected members of MEN1fami­
lies. In 10-15% of clinically unambiguous MENI cases, however, no mutation can be identified.
It is possible that thesecases are related to geneticalterationsin unexaminedregulatoryregions
or evenin other genes. In MENI patientsand families with undetectableMEN] genemutations,
clinicalscreening isof pivotalimportance.MENI phenocopyalsocomplicates diagnosis. MEN I
phenocopy can be a majorproblem in MENI families, as mild HPT and pituitary tumors may
occur alsoin a sporadicsettingin MEN1family members. Geneticanalysis for the known muta­
tion can solve this problem. As the absence ofMEN] genemutation doesnot absolutely rule out
MENI, carefulexaminationand follow-up is needed in sporadicMEN1 to differentiate it from
MEN1 phenocopy.
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CHAPTER 2

Genetic Background ofMEN1:
From Genetic Homogeneity to Functional Diversity
Patrick Gaudray* and Gunther Weber

Abstract

M ultiple Endocrine Neoplasia Type 1 corresponds to a monogen ic pr ed isposition
syndrome inherited as a dominant trait that affects a variety of endocrin e tissues. in
particular parathyroids, endocrine pancreas and anterior pituitary.It is caused by muta­

tions in the MENI tumor suppressor gene that inactivate menin, the MEN] encoded protein.
Menin is involved in cell cycle concrol and apoptosis through its participation in functional
dynamics of chromatin and regulation of trans cription. In addition . genetic investigations have
implicated menin in th e maintenance ofgenomic integrity. However, the role ofmenin does not­
by far-end here. It plays (too) many roles in the cont rol of cell life and normality, far beyond
endocrine oncogenesis, making it unlikely th at th e function ofmen in can be deciph ered onl y by
genetic investigation. In thi scontext, writing a chapter on the genetic background of MEN 1appears
at the same time as a challenge and a paradox. A challenge as everything has been either already
written on the topic or included in the pre sent book. A paradox since genetics is simultaneously at
the background and at the forefront ofMEN1.Our attempts are thus more investigating new-as
well as alread y open issues than delivering a catalog ofMEN] gene mutations.

Introduction: The History ofa Rare Endocrine Genetic Disease
Initially, multiple endocrine neoplasia Type 1(M EN 1,OM1M 131100), then named multiple

endocrine adenomatosis was described by Paul Wermer as a syndrome affecting the anterior pitu­
itary, the parathyroids and th e pancreatic islets in a family in which it was assumed to be "caused
by a dominant aut osomal gene with a high degree ofpenetrance "! Larsson et al have compared
constitutional and tumor tissue genotypes of M EN l -relared insulinomas and showed "that onco ­
genesis in th ese cases involves unmasking of a recessive mutation at (the MEN 1) locus'f Hence, it
becam e clear that th e mutations that cause MEN 1are recessive alth ough th e syndro me is inherit ed
as an autosomal dominant trait , similarly to most cancer predisposition genes. Despite an extensive
variability in the expression of MEN1 between and within MEN1 families,genetic linkage could
not evidence any genetic heterogeneity. The one MEN] gene was mapped in 1988 to the long
arm of chromosome 11 (l1q13) by family studies and found tightl y linked the PYGM gene.i Ir
turned out that it is only 70 kb telorneric to th is gene that MEN] was identified by positional
cloning ten years latter (Fig. 1).3.4

The MEN] gene, as it is known today, consists of! 0 exons, spann ing 9 kb of genomic sequence
and encoding a nuclear protein of610 amin oacids (menln) . Menin doe s not reveal homologies to
anyother known protein. Protein sequence conservation indicates thatMEN] ispresent through­
out the animal world, from mollusks to Homosapiens (Fig. 2) . H owever, its function s might have
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evolved differently in human/mammals and other species. In fact, while it has been possible to
generate homozygous mutations in Drosophila,' the double knock-out ofMen1 in the mouse is
lethal early during embryogenesisP In addition, no homozygous mutation has ever been found
in humans either in families where consanguinity was suspected or even in a family where two
affected children had received a defective allele from both parents,"

The menin protein and its multiple partners are detailed in other chapters ofthis book. From
a genetic point ofview, menins complex partnership network might open the way to multiple
tumor pathways in which those partners are being involved. Various mutations could affect the
genes driving those pathways, although probably not as bona fide MEN1 alternative causes since
no genetic heterogeneity has been observed in MENI families. Nevertheless, those genes might
contribute to a fine tuning ofMEN1 expressivity (gene modifiers).

On the Nature oftheMENl Gene
An interspecies genomic comparison in the immediate vicinity of the MEN1 gene has not

revealed conserved features apart from the sequences encoding menin. In vertebrates a MAP
kinase gene, MAP4K2, is located immediately 3' ofMEN1 (Fig. 1). This genomic organization
is not conserved in Drosophila. The intergenic region 5' ofMEN1 is seemingly not conserved.
However, it is covered by repetitive elements both in man and in mouse over large distances (;d2
kb, Figs. 2, 3). These features developed independently since the repetitive elements , SINE/Alu in
man and SINE/B2 in the mouse, are paralogs .SINE B2 elements can contain RNA polymerase II
promoters? and repetitive elements may provide tissue-specific regulatory elements for promoter
activity.10Alu sequences have recently been shown as the most reliable hallmarks for housekeeping
genes." Similarly, transcription factor binding sites have been found in Alu sequences that may
be associated with early markers of development. In a genome-wide comparison, a correlation
between the mouse Bl and human Alu densities within the corresponding upstream regions of
orthologous genes has been observed," as it is the case for theMEN1 gene.

Northern blot analysis showed two RNA species (2.9 and 4.2 kb in size) in thymus and pan­
creas,?two target tissues for MEN1. We therefore suspected that MEN1 might exist in more than
one splice variant. By3'-RACE only a single product was obtained, consistent with the theoretical
polyadenylation site found in MEN1. 5' RACE gavea completelydifferent picture. Different splice
isoforms were detected,which hooked 6 alternative exons 1 (named a to f) to the first codingexon,
exon 2 (Fig. 3). None ofthe possible exons 1 seems to alter the open readingframe." However, the
possibility exists that they could interfere differently with the translation ofmenin'" and/or that
they correspond to some sort oftissue specificity.Accordingly, nuclease protection assaysrevealed
the splice forms were differently distributed in different cell lines (Lovisa Bylund, personal com­
munication). For the shortest and apparently most abundant transcript containing elb (as well
as, probably ela and elc), the transcription initiation site was determined and was identical to
the corresponding site in the mous e. For ele and elf, the 5' ends have not been determined, but
would likely be located in the highly repetitive region . No probes could be developed to determine

CDC42BPGRASGRP2

c=J
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Figure 1. Genomic environment of the MENI gene in the human genome. The informa­
tion schematized here has been recovered from: http://www.ensembl.org/Homo_sapiens/
contigview?region ; l1&vc_start ~ 64250000&vc_end ; 64370000.
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Figure 3. Organization of the 5' untranslated region of MEN1. The 1.5 kb genomic area located
5' to the translation start site of MENI conta ins the only promoter identified to date and its
regulatory regions. The - - and ++boxes correspond to the upstream inhibitory and stimula ­
tory regions, respectively. All exons which have been shown to be possibly spliced to exon
2, as well as repetitive elements and epG islands are indicated.

whether the longest mRNA containing ele and elf, for instance, might correspond to the larger
transcript seen in thymus and pancreas.

In the mouse two transcripts of 2.8 and 3.2 kb have been found in most tissues, though in
variable amounrs.P'The larger transcript maintained the first intron and thus appeared similar to
the eld version in human. The four discrete transcripts identified in the mouse were expressed at
varying time points and levels in the different tissues investigated." Transcripts corresponding to

human e Ie or elfwere not detected in the mouse.
Altogether, these alternatively spliced transcripts should be studied with respect to their tissue

specificity as they may represent a means ofregulatingMEN] expression at the translation level."
They would thus provide a fine-tuning ofthe menin protein level.

On the Regulation ofthe MEN] Gene
How theMEN] gene is regulated has been widely overlooked. However, it is quite an important

matter, since it has to be determined whether cells bearing a heterozygous (hereditary) mutation
in MEN] are still "normal". In this case, the so-called second event would happen as a stochastic
event. An alternative possibility would be that the first mutation contributes in some ways to the
"loss of heterozygosity". In fact, Payne and Kemp have raised the point that "... (the fact that)
mutations in tumor suppressor genes can have haploinsufficient, as well as gain of function and
dominant negative phenotypes has caused a reevaluation ofthe 'two-hit' model oftumor suppres­
sor inactivation",'? It is striking that most oncosuppressor genes whose mutations predispose to
cancers are implicated in some ways in the maintenance ofgenome integrity.

MEN] appears to be ubiquitously expressed and we have discussed above that the nature ofits
transcripts opens the issue ofalternative-tissue specific? species that remain to be characterized.
The composition of the upstream regulatory region and the constancy of its expression fits well
with the behavior of a housekeeping gene involved in development. It should not be forgotten
that there are still "classical" MEN1 families for which no mutations have been found within the
coding region and for which an alteration within the regulatory regions should be considered.

From a quantitative point ofview, the first level at which MEN] can be regulated is transcrip­
tion.The region upstream the most abundant exonlb is conserved (60%) between man and mouse
and contains a putative CCAAT box, which, however, is not essential for the promoter activity.
18,19"Jhe regions in man and mouse further upstream consist mostly ofrepetitive elements, without
the features of a typical promoter but regulating the basic promoter activity when cloned into
luciferase reporter vectors. We observed a direct feedback ofmenin that increased the promoter
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activity ofthis region after down regulation ofmenin by RNA interference. This may explain the
normal levels ofmenin in cells from MENI patients and also that MEN] transcription level ap­
pears unchanged in tumor cells with loss ofheterozygosity ofMENI. 20.21

Two CpG islands are found around the transcriptional start site ofexon Ib and further down­
stream from the first intron into the coding region ofexon 2 (Fig. 3). However, their impact for
transcriptional regulation is unknown. At present there is no evidence for epigenetic regulation of
the MEN1 gene. One studydid not find any methylation in a part ofthe exon l -exon2 CpG island
invesngaeed." Another found 36/108 pancreatic tumors methylated but without any significant
correlation with the expression ofrnenin."

What Do We Learn from the Hereditary Mutations ofthe MEN}
Gene?

Contrary to laboratory-engineered animal models, which, in caseofknock-out mice represent
single gross alterations ofMen1, the diversity ofhuman spontaneous mutations was hoped to shed
light on the physiological mechanisms involved in endocrine carcinogenesis. Witnessing the efforts
devoted to the search ofMEN1 mutations, more than 500 original reports were found on the basis
of"MEN I and mutations" keywords in the NCB! PubMed database . The most comprehensive
MENI mutation databases can be found as part ofthe Universal Mutation Database (http://www.
umd.be:2080/) 24 and the human gene mutation database at the Institute ofMedical Genetics in
Cardiff(http://www.hgmd.cEac.uk/).They include 353 and 392 independentMENl mutations,
respectively.

Most ofthe published MEN1 mutations have been compiled in a recent survey that totalized
1133 independent germline mutations that consisted of459 different mutations." The same study
surveyed also somatic mutations, i.e., mutation found in sporadic tumors and found 203 ofthem
among which 167 different mutations. Altogether, it is total of565 different mutations that have
been found to affect possibly the MEN1 gene. They are scattered over the all length ofthe known
reading frame of the gene, although nine of them account for more than 23% of all mutations
discovered to date. Taken together with the more recent results of Tham et al on a large series
ofMEN I Swedish patients," these studies widely agree on the following trends ofMEN1 gene
mutations in the frame ofthe MEN1 syndrome:

• Less than 5% of the bona fide MEN 1 do not present with identifiable mutations in MEN1.
• Probably ...10% MENI mutations arise de novo and may be transmitted to subsequent

generarions."
• Approximately the two third ofMEN1 mutations lead to premature translation termination

of the protein menin.
• No mutation or epirnutation has ever been found in a potential regulatory region of the

gene.
• Penetrance ofMEN1 is almost complete after the seventh decade. 24

•
28

• It has never been possible to draw a correlation between the nature of the mutation and the
presentation of the disease, i.e., there is no correlation between genotype and phenotype.
Even the long-lasting hypothesis that the so-called Burin -MEN Ivariant, clinical association
ofhyperparathyroidism, prolactinoma and carcinoids, was linked to specific mutations such
as R460X has been ruled out in 2002. 24

Importance ofMEN1 in Endocrine Tumorigenesis
Functional loss ofmen in is not a prerequisite for the generation ofendocrine tumors. Tumors

with mutations ofMENI have their counterparts without mutations (or deletions at Ilq13),
which are undistinguishable phenotypically.

Extensive comparisons have been performed in sporadic parathyroid and pancreatic tumors,
about 20-30% ofwhich show mutations or loss oftheMENl gene.29

'
31In the case ofpancreatic

tumor, mutations or loss ofexpression ofMENI did not correlate with malignant development
or the KI-67 proliferation index, in contrast to LO H on chr.l.23.32 Deletions on 3p and 18q were
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found in familial and sporadic pancreatic endocrine rumors (PET) with a similar frequency, in­
dicating that similar events lead to endocrine pancreatic carcinogenesis disregarding the presence
or absence offunctional rnenin." Nonfunctional pancreatic tumors often showed deletion ofthe
whole chromosome 11. However, this may be more relevant to theATM gene present at 11q22
rather than MENI at 11q13. In addition, no significance for prognosis could be observed."

Despite these negative findings, there is little doubt that the loss ofmenin function contrib­
utes to the genesis ofpancreatic tumors. In MEN1 patients, it has been shown that hyperplastic
(precursor) lesions present in all patients consistently retained both 11q 13 alleles.3S The cause of
hyperplasia development remains elusive, although it may be argued that the inherited MEN1
mutation may have lead to a gene-dosage effect, at least in these patients. Nevertheless, whatever
the mechanism ofpancreatic hyperplasia, the lossofthe second allele is a hallmark for neoplastic
development and represent a "second step" in tumorigenesis.

Similarly, parathyroid tumors present with discrete patterns ofdeletions, includingMENI or
not, all leading apparently to the same result.29.3o.36We are not awareofany observation showing an
increase ofparathyroid hyperplasia in MEN1patients similar to that described above for pancreas.
In a microarray expression analysis,parathyroid carcinoma (as in the Hyperparathyroid-JawTumor
Syndrome caused by mutations ofHRPT2), hyperplasia and adenoma formed different expression
clusters.37This makes a progression model for parathyroid tumorigenesis rather unlikely.

In the case of typical MEN1, the occurrence ofmultiple tumors is a characteristic of the syn­
drome. For the parathyroids the rate oftumorigenesis might even be underestimated, since micro­
dissection analysis has demonstrated polyclonality in parathyroid adenoma." This is in contrast
with a variant ofMEN1, defined by sporadic tumors ofboth the parathyroids and pituitary. The
prevalence ofidentified MEN1 mutations in this variant is lower than in familial MEN1 (7% vs
90%).39-43 In most ofthese families, the genetic cause ofthe disease is unknown, while in one case
a mutation ofp27Kip] /CDKNIB, a gene known toif transcriptionally regulated by menin, has
been observed. 44 The link between MEN1 and p27 p] / CDKNIBis still a matter ofdebate. 45

Taken together, mutations studies suggest that functional loss ofMENI is less likely to affect
the features and the malignancy ofindividual tumors, than to determine the tissue specificity and
probability of neoplastic development in endocrine tissues. A means ofdriving the latter could
be that menin is involved in the maintenance ofgenome stability.

Is MEN! a Genome Instability Syndrome?
There has been too many discussion about how to categorize tumor suppressor genes, which

usuallyends up with the conclusion that a distinct classification is not possible.RBI, as a "classical"
tumor suppressor gene, controls the cell cycle and its reintroduction may revert the tumorigenic
phenotype ofan RBI-negative cell.46 Other tumor suppressor genes are directly involved in DNA
repair, e.g., the BRCAI/2 and Fanconi anemia genes as control elements of genome stability,"
Their loss induces irreversible damage to the genome. However, this division into categories is
too simple, since RBI loss can cause genome instability as well" and BRCAI/2 genes have other
functions than DNA repair, e.g., serving as transcription regulators."

The function of men in as a classical tumor suppressor has been established both in tumor
formation assays in the mouse" and in vitro.!' However, menin has also been implicated in
maintaininggenome stability. In fact, significant chromosomal breakage has been observed spe­
cifically in lymphocytes from MEN1patients, particularly after treatment with Diepoxyburane,
a double- strand DNA damaging agent to which Fanconi anemia cells are also highly sensi­
tive.S2-SS However, on the contrary to classical instability syndromes such as Fanconi anemia,
MEN1 patients never present with homozygous MENI mutations. Accordingly, homozygous
mutations in the mouse model, have been proven lethal early during embryonic life. The
phenotype observed in MEN1 patients respective to chromosome instability is subtle, in the
context ofa wild type allele. Hence, it is hardly convincing that MEN1 is a bona fide genome
instability syndrome.56



Genetic Background ofMENI 23

In vitro cellcultures from MEN 1patients (i.e.,geneticallyMEN1.1- ) show signsofchromosomal
instability and premature centromere division when treated with mutagens.52-57An increase in the
frequency of genetic loss has been observed in parathyroid tumors when MEN1 was mutated/
deleted." Similar conclusions have been drawn from LOH studies on pancreatic tumors." It can
be argued that a loss ofgenome stability should lead to higher malignancy than observed for the
classicalMEN l-associated tumors, with the exception ofgastrinoma. More insight might be given
by thymic foregut carcinoids that have been rarely been described but are the major cause ofdeath
in some MEN1 families. These highly malignant tumors occur predominantly in male patients,
ofwhich the majority were smokers or had previously been exposed to chemicals.f -" In line with
the studies on cultured cells, this leads to the hypothesis that MEN1 might play its role in genome
instability at the occurrence ofparticular genomic stress, such as the exposure to mutagens.

The animal model that has brought crucial information with respect to genome instability is
Drosophila melanogaster. In these flies, the homozygous mutation of the MEN1 ortholog Mnn 1
is not essential either in the regulation of cell growth or for differentiation. Mnnl mutant flies
show sensitivity to DNA damage and moderately to ionizing radiation, suggesting that menin is
involved in the pathways leading to nucleotide excision repair," In Drosphila as well, menin was
required for an S-phase arrest and interacted with the transcription factor CHES1 upon exposure
to ionizing irradiation, thus confirming its contribution to DNA damage response."

Menin is localized to chromatin and nuclear matrix and its presence in nuclear matrix isdepen­
dent upon y-irradiation. Menin has been shown to interact with FANCD2 and their association
is also enhanced by y-irradiation.61 Among the Fanconi anemia-related proteins, FANCD2 has a
central role betweenATR that controls activation/monoubiquitinylation ofFANCD2 and BRCA2
/ RAD 51 complexes acting more directly at the level ofdouble-strand breaks repair. Interestingly,
the binding ofATR to damaged DNA needs the interaction ofATRIP, which is dependent on
RPA, another menin interacting protein.

Conclusion
When the MEN1 gene was still to be cloned, we expected the successful candidate gene to

be "subtle". Most MEN1 tumors are benign and the cellular phenotype not excessively altered,
as in a number of aggressive solid tumors in which crucial signal transduction pathways are pri­
marily altered. The participation ofmenin in cell cycle control and apoptosis is in line with these
expectations, although lots ofquestions remain as how menin precisely acts in these phenomena.
In addition, genetic investigations have also implicated men in in the maintenance of genomic
integrity. However, the role ofmenin does-by far-not end there.

Moreover, some lessons about the function of menin could not be taught solely by genetic
investigations. What genetics did not tell us is that men in can play quite an opposite role as an
oncogenic cofactor (and partner ofMLLl) for MLL-associated myeloid transformation. S What
it did not tell us either is the complexity ofthe oncogenic pathways and networks in which menin
participates and which have been deciphered by functional studies. Most importantly, these have
widened the playground for menin far beyond its link to endocrine tissues.

Basedon those considerations, it seemsmost unlikely that "the" function ofmenin in tumorigen­
esiswilleverbe found. This protein playsjust too many roles.A longtime focus on its role in endocrine
glands has been a logical consequence ofthe MEN1 syndrome, though it isoutdated. Menin is still
a rather confusing, albeit central player in the control ofthe cell life and normality.
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CHAPTER 3

Menin:
The Protein Behind the MEN! Syndrome
Maria Papaconstantinou, Bart M. Maslikowski, Alicia N. Pepper
and Pierre-Andre Bedard"

Abstract

T he cloning of the MEN1 gene in 1997 led to the characterization ofmenin, the protein
behind the multiple endocrine neoplasia Type 1 syndrome. Menin, a novel nuclear protein
with no homology to other gene products, is expressed ubiquitously.MEN1 missense muta­

tions are dispersed along the coding region ofthe gene but are more common in the most conserved
regions. Likewise, domains ofprotein interaction often correspond to the more conserved segments
of menin. These protein interactions are generally facilitated by multiple domains or encompass
a large portion of menin. The exception to this rule is a small stretch of amino acid s mediating
the interaction of menin with the mSin3A corepressor and histone deacetylase complexes. The
C-terminal region ofmenin harbors several nuclear localization signals that play redundant func­
tions in the localization of menin to the nuclear compartment. The nuclear localization signals
are also important for the interaction of menin with the nuclear matrix. Menin is the target of
several kinases and a candidate substrate ofthe ATM/ATR kinases, implying a role for this tumor
suppressor in the DNA damage response. Menin is h ighly conserved from Drosophila to human
but is absent in the nematode and in yeast.

Introduction
Cloning of the gene for multiple endocrine neoplasia Type 1 (MENJ) in 1997 led to the

identification ofrnenin, the protein encoded by MEN1. 1,2 Th e 67 kDa menin is translated from a
2.8 kb transcript expressed ubiquitously and throughout mammalian developmenr.PvThe MEN1
gene is composed of 10 exons spanning a 9.0 kb region of genomic DNA (Fig. lA). l Exon 1 is
noncoding and accounts for most ofthe 5' UTR of the menin transcript. Exons 2 to 10 code for
the 610 amino acid menin protein (id: AAC51229). A variant of615 amino acids (id: AAC51230)
was also identified in clones from a human leukocyte eDNA library and in a few EST clones.l The
615 amino acid variant, translated from an alternatively spliced transcript, contains an in-frame
insertion offive amino acids at position 149 ofthe menin open reading frame. Several transcripts
with different 5' UTR sequences have also been reported but the structure of the menin protein
derived from these variants is not altered," Little is known about the expression ofthe 615 amino
acid menin and 5' UTR variants ofthe menin mRNA. One ofthe important conclusions ofearly
molecular studies is that menin is a novel protein showing no homology to other gene products.

Menin Is a Nuclear Protein-Role ofthe C-Terminal Region
The nuclear localization ofmenin was confirmed by immunofluorescence, epitope tagging and

western blotting analyses of subcellular fractions? Deletion analysis identified the C-terminus
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Figure 1. A) Exon-intron structure of the human MENl gene. B) Schematic representation of
functional domains of menin and bindin g sites of menin-interact ing proteins (M IPs). Men in
contains two leucine zipper-like motifs, two nuclear localization signals (NLSl and NLS2)
and an accessory NLS (NLSa). Five GTPase motifs (Gl to G5) are present in menin. A puta­
tive low compl exit y region spans amino acids 465 to 551. Men in is phosphorylated on two
serine residues, Ser543 and Ser583, in 293T-cells. Phosphorylation of Ser394 in 293T-cells
and M059K glioblastoma cells was observed in response to y-irradiation and UV treatment,
respecti vely. The regions of the menin sequence that have been implicated in the bind ing
to different interactin g proteins are indicated by black, white or gray bars under a schematic
representation of the structure of meniny ,20,25.27,45.5o

as the determinant ofmenin nuclear localization. Within this region. two independent nuclear
localization signals (NLSI and NLS2) are sufficient to target GFP or EGFP to the nuclear com­
partment.Y Mutation analysisofNLS1 (amino acids 479-497) and NLS2 (amino acids 588-608)
indicated that they play a redundant role in the nuclear localization ofmenin. More recently, La
and coworkers reported that a th ird cluster of basic residues. located between amino acids 546
and 572. contributes to the nuclear localization ofmenin bur is not sufficient to target GFP to the
nucleus,"This region appears to function as an accessory signal (NLSa) in the nuclear localization
of men in by NLSI and NLS2 (Fig. lB ).

The localization of menin is consistent with the observation that several rnenin-interacting
proteins are transcription factors, epigenetic regulators or proteins involved in DNA synthesis
or repair (Chapter 5).10 Menin associates with chromatin in vivo and binds dsDNA in vitro.B ol2

However, po int mutations in any of the three NLSs abolish in vitro DNA binding without af­
fecting the nuclear localization or association ofmenin with chromatin," The same mutants are
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also deficient in repression ofthe IGFBP2 promoter and inhibition ofcell proliferation, implying
an additional role for the NLSs apart from the nuclear localization of menin. Chromatin irn­
munoprecipitation (CWP) assays revealed that menin is recruited to the promoter region of the
IGFBP2 gene and that intact NLSs are required for this activity."Menin also interacts with the 5'
UTR region of the caspase-S locus in vivo and is capable of inducing the expression of this gene
in mouse fibroblasts. Mutations in a single NLS also abolish the activation of the caspase-8 gene
by menin. Currently, there is no evidence that the DNA binding activity ofmenin is critical for
recruitment to target loci. Menin binds DNA in a sequence-independent manner and, thus far,
attempts at identifying specific DNA binding sites for menin have been unsuccessful." Global
genome analysis by CWP assaysindicates that menin iswidely distributed in the genome, consistent
with the notion that menin interacts with the phosphorylated carboxy terminal domain (CTD) of
the RNA polymerase II large subunit, several transcription factors and epigenetic regulators.14.15.16
It is possible that the recruitment ofmenin depends primarily on the interaction with a nuclear
protein but that sequence-independent DNA binding by the positively charged NLSs plays a
secondary role in this process,"

The importance ofthe C-terminal region ofmenin is highlighted by the fact that approximately
70% of the MENl mutations are frameshifi or nonsense murarions.P'" These mutations would
disrupt the nuclear localization ofmenin and possibly other functions dependent on the presence
of intact NLSs. Germline or somatic missense mutations have not been identified in NLS 1 or
NLS2 and only a few target the accessory region NLSa. This may be expected if the NLSs play
a redundant role in the nuclear localization of men in but raises some questions regarding the
significance ofother activities dependent on the presence ofintact NLSs .

The localization ofmenin to discrete nuclear foci has also been reported by separate groups in
NIH 3T3 and HeLa cells.12,19Others, however, failed to observe this pattern ofsub-nuclear local­
ization using different cell types and antibodies, or a different approach such as GFP-tagging7 The
association ofmenin with telomeres was described at meiotic prophase in mouse spermarocytes."
However, this pattern of menin localization was not observed in somatic cells and thus appears
to be restricted to meiotic cells.

Leucine-Rich Domains in Menin
Two major approaches, yeast two -hybrid screening and proteomic analysis of co-irnmuno­

precipitated proteins, have been employed to identify menin-interacting proteins and complexes
(Chapter 5).The molecular analysis of these interactions indicated that large and/or multiple
domains of menin are ofien required for association with its binding partners (Fig. IB) . The
exception to this rule is a short stretch of centrally located amino acids (371-387) mediating
the interaction of menin with the mSin3A corepressor and component of histone deacetylase
complexes. The sixteen amino acid region, which includes tandemly repeated leucine residues, is
predicted to form an amphipathic a-helix resembling the mSin3A-interacting domain (SID) of
the Mad1 and Pfl transcriptional repressors.P'" Point mutations within the SID region ofmenin
abolish the interaction with mSin3A and the capacity of menin to repress the trans-activation
function ofjunD.20

Other leucine-rich regions have been the subject of investigation. Dreijerinck and collabora­
tors showed recently that menin acts as a coactivator for nuclear receptor responsive genes such
as TFFl.23In MCF7 breast carcinoma cells, menin was important for H3K4 trimethylation and
ligand-dependent activation of th is gene by the estrogen receptor a (ERa). Nuclear receptors
interact with a leucine-rich rnotifin several coactivarors (LXXLL). Since menin bound directly to

the AF2 trans-activation domain ofERa in vitro these authors investigated the role ofa conserved
LLWLL motif(amino acids 263-267) in this process. Proteins encoded by clinically relevantMEN1
mutations affecting the leucine -rich motif(L264P, L267P) were indeed deficient in the interaction
with ERa and activation of the TFFl promoter. However, mutations in several residues outside
the LLWLL motifalso impaired this activity and thus menin may depend on a larger domain for
the control ofERa-dependent gene expression.
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The LLWLL motifis also part ofa putative leucine zipper, one oftwo such candidate dimeriza­
tion regions identified in menin (Fig.lB).24 However, the evidence ofa role for these domains in
protein dimerization, including menin hornodimerization, is presently lacking.4.24lnterestingly,
men in does interact with the JunD bzip transcription factor but binds to the N-terminus and
not the leucine zipper domain ofJunD. Menin does not interact with other bzip members of the
AP-l family.24

GTPase Signature Motif
Menin associates with nm23H lInucleoside diphosphate (NDP) kinase A, a multi-functional

protein and candidate suppressor of tumor metastasis," Results reported by Yamaguchi and
co-investigators suggest that nm23H 1 stimulates a latent GTPase activity in menin that is depen­
dent on the interaction with nm23H1.26Menin was shown to bind GTP with low affinity but to
hydrolyze GTP efficiently in association with nm23H 1.A signature motif, conserved in GTPases
and consisting ofshort stretches ofa few amino acids grouped in fiveregions, was also identified
in the N-terminal portion ofmenin. All regions (Gl to G5) are well conserved in mammals but
not in more divergent species such as the zebrafish or Drosophila melanogaster (Fig. 2). Germline
or somatic missense mutations in menin have been reported for the G4 region but are absent
in other regions of the GTPase signature (Fig. 2). A subset of these MENl missense mutants,
analyzed by Yamaguchi and co-investigators, retained the GTPase activity.26Further studies are
required to assessthe significance of this GTPase activity and its relationship to the function of
menin as a tumor suppressor.

Post-Translational Modification in Response to DNA Damage
Mouse embryo fibroblasts (MEFs) mutant for the Menl gene are hypersensitive to ionizing

radiation and are deficient for a DNA damage-activated checkpoint." Similar defects in cell cycle
arrest were observed in Drosophila strains mutant for Mnnl , the MEN1 homologue in the fruit
fly, implying a conserved function for menin in the DNA damage response.P In agreement with
this notion, two recent studies identified menin as a putative target ofthe ATM/ATR kinases.28,29

A similar approach was employed in these studies wherein proteins phosphorylated in response to
DNA damage were identified by immunoaffinity phosphopeptide isolation followed by sequence
analysis using mass spectrometry. Using this approach, phosphorylation ofSer394 was detected
in y-irradiated 293T and UV-treated M059K glioblastoma cells: Ser394 is located in a putative
region of disordered secondary structure and is not conserved in other species (Figs. 2 and 3).
Menin is also phosphorylated on Ser543 and Ser583 in 293T-cells but the kinase(s) responsible
for phosphorylation ofthese residues and their function are presently unknown." Ser583 ishighly
conserved and located in proximity ofNLS2; Ser543 is present in mammalian menin but is not
found in the zebrafish and Drosophila orthologues (Fig. 2). The association ofmenin with chro­
matin or the nuclear matrix is enhanced following UV treatment or y-irradiation, suggesting that
menin sub-nuclear localization or recruitment is regulated in response to DNA damage.12.31The

treatment ofUV-treated HEK293 cells with caffeine, an inhibitor of the ATR kinase, decreased
menin localization to chromatin while overexpression ofconstitutively active CHKl enhanced
the association with chromatin. These results suggest that menin localization is regulated by an
ATR-CHK1-dependent pathway in UV-treated cells.v The study of menin post-translational
regulation is just beginning and additional sites ofphosphorylation and modification are likely
to be uncovered in the near future.

Conservation ofMenin Structure, Protein Interactions and Function
MEN] orthologues have been identified in vertebrates, sea urchin, snail and insects but are

missing in the nematode and in yeast," In vertebrates, the degree of protein identity to human
menin ranges from 67% in the zebrafish to over 96% in mammalian species such as the mouse and
rat (Fig. 2). Vertebrate species also share a similar exon/intron and overall structure oftheMENl
gene, which consists of 10 exons with exon 1 being non coding (Fig. 3A). Transcript variants with
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different 5' UTRs, generated from alternative splicing of intron 1, have also been described in
the mouse and rat .SJ2.33The Drosophila MEN} gene (designated Mnn1) contains fewer exons but
encodes a larger 763 amino acid protein 83 kDa in molecular weight .34•3sLong stretches ofamino
acids located in the C-terminal portion ofthe protein and missing in vertebrate men in account for
the larger size ofDrosophila menin. Translation initiation is also predicted to occur at a different
methionine codon, extending the N-terminus ofDrosophila menin by 12 amino acids.r' Cerrato
and coworkers described the nuclear localization of menin in tissues of the third instar larva.36

Putative nuclear localization signals are present at the C-terminus ofDrosophila menin. A protein
variant of 530 amino acids, lacking the C-terminal region of the 83 kDa protein, is predicted by
the analysis ofDrosophila cDNAs (id: NP 723252). We also described the expression ofa 70 kDa
heat shock-inducible form of menin in early embryos." Little is known about the function of
these menin variants in Drosophila.

Sequence divergence is found principally at the C-terminus of the protein (amino acids 465
to 551) in a proline-rich region oflow sequence complexity that also accounts for much of the
size difference in Drosophila menin (Fig. 2-3B). In mammals, the C-terminal region ofmenin is
required for interaction with several proteins but fine mapping of this region is generally lacking
(Fig. 1). Significantly, the majority (88%) ofmissense mutations identified to date are located in
the N-terminal and "core" regions ofmenin (amino acids 1-447), i.e, in regions ofgreatest conser­
vation (Figs. 2-3B). The overall identity ofhuman and Drosophila menin is 46%. However, 65%
ofthe 116 MEN} missense mutations identified thus far correspond to amino acids conserved in
Drosophila menin." This conservation reaches 82% in zebrafish, highlighting the importance of
these amino acids in men in function. Prediction of secondary structure by the Russell/Linding
definition (GlobProt)38 identifies several putative regions of disordered structure, including the
C-terminal region oflow sequence complexity. MEN) missense mutations are lacking in regions
predicted to be disordered (underlined in Fig. 2).

Unlike Men} in mammals ,Mnnl function is not required for development in Drosophila and
Mnnl mutant flies are fertile.36.37J9-41However, two different responses are affected by the absence
ofmenin in the fruit fly. Defects in S-phase arrest have been described in response to ionizing radia­
tion." Mouse embryo fibroblasts mutant for Men} showed similar defects, implying a conserved
function for menin in this response to DNA damage. Cell cycle arrest and viability were recovered
in y-irradiated flies overexpressing the forkhead family member Chesl. The human homologue,
CHES1 (FOXN3), binds to human menin in vitro and co-immunoprecipitates in vivo, indicating
a direct interaction between these proreins." Whether or not this is also true for the Drosophila
counterparts was not addressed in these studies.

We reported that Mnn1 mutant strains are unable to mount a proper stress response.
Developmental arrest and increased lethality were observed in response to heat shock, hypoxia,
hyper-osmolarity and oxidative stress." The expression ofseveral heat shock proteins (HSPs) was
impaired by the absence or over-expression ofmenin, Mnn l loss-of-function mutants expressed
normal levelsofHSP70 in the first 15 min ofthe heat shock response but were unable to sustain this
expression beyond that point. In contrast, embryos over-expressing menin failed to down-regulate
the expression ofHSP70 upon return to the normal temperature. Thus, menin plays a role in the
maintenance ofHSP expression. In Drosophila,HSP70 expression depends on the H3K4 histone
methyltransferase Trithorax (Trx) and components ofthe TAC1chromatin modifying complex."
In mouse embryos and cells, menin interacts with histone methyltransferase (HMTase) complexes
containing the Trithorax group proteins MLL2 or Ash2L. The action of these HMTases in the
maintenance of Hox gene expression depends on their association with menin. '6.43.44 Recently,
we observed that menin and Trithorax co-immunoprecipitate in protein lysates ofDrosophila S2
cells, indicating that the interaction ofmenin with histone methyltransferase complexes has been
conserved during evolution (our unpublished results16.43).

Menin interacts genetically with DrosophilaJun and Fos, components ofthe AP-l transcription
factor, but does not appear to bind directly to these proteins.34.36 This contrasts with the direct
interaction of menin andJunD described in human cells.t? In general, the interaction of menin
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Figure 2, viewed on previous page. Conservation of amino acids corresponding to missense
point mutations in MENl. Darkly shaded boxes indicate conserved residues in relation to
known germlineand somatic point mutation s in human." Underlined sequencesshow putative
disordered second ary structure in the human sequence as predicted by GlobProt using the
Russell/Linding definit ion." Light grey box indi cates a core low -complexi ty region as deter­
mined by multiple alignment of vertebrate sequences and predicted by SEG (our unpub lished
resultsl." Dashed-box regions show conserved putative GTPase moti fs (Gl-GS) determined
by Yaguchi et al.26Consensus amino acid sequences are show n above. Solid boxes indicate
serine phosphoryl ation sites SerS43 and SerS83 and the putat ive ATM and ATR phosphory­
lation site Ser394.28-30.52 Homo indica tes Homo sapiens; Mu s, Mus musculus; Rattus, Rattus
norvegicus; Dania, Dania rerio; and Drosophila, Drosoph ila me/anogaster. A color version of
this image is available at www.landesbioscience.com/curie

with known binding partners, identified in mammals, has not been investigated in Drosophila and
other nonmammalian species.

Conclusion
Missense mutations have been identified along much of the menin open reading frame and

do not cluster in "hot spots" pointing to domains ofgreater importance in the MEN1 syndrome.
Regions of protein interaction are generally large or composed of multiple domains (Fig. lB).
Finer mapping ofthese regions will likelybe important for the characterization ofmenin structure
and function. Little is known about the dynamic ofmenin int eraction with its binding partners.

A

- -:I

___H"

B

,'. ....

'" ..
.. ... --.. J!

Figure 3. Panel A shows conservation of the exon-intron organization of the MENl gene in
(i) Homo sapiens (NC_000011.8) (ii) Mus musculus (NC 00008S.S, AFl09390) (iii) Rattus
norvegicus (NC OOS100.2, AB023400 ) (iv) Dania rerio (NC 007118.2) and (v) Drosoph ila
me/anogaster (NT_033779.4). Coding exons are indic ated by black boxes and noncod ing ex­
ons by white boxes. Introns are depicted as lines and approximate lengths are specified only
for those introns too large to be drawn to scale. Panel B shows a schematic representation of
the most highly conserved prote in regions among five species (human, mouse, rat, zebrafish
and fruit fly) menin homol ogues. Large boxes represent aligned regions wi th greatest degree
of conservation in vertebrate species (calculated as the largest continuo us aligned segments
with lowest entrop y). Gray boxes represent regions most conserved wi th Drosoph ila meni n.
Shor t functio nal mot ifs such as nuclear localization signals falli ng outside larger conserved
regions are not indicated. The hatched box represents a putative core low complexity region
in vertebrate sequences. Amino acid numbers refer to the human sequence.



34 SuperMEN]: Pituitary,Parathyroid and Pancreas

The study ofpost-translational modifications ofmenin may shed some light on the mechanisms
governing the interaction ofmenin with other proteins. A more extensive characterization ofthe
rnenin-containing complexes willlead to the identification ofadditional binding partners and a
better understandingofthe role ofmenin in tumor suppression. The understandingofthis role will
continue to depend on multiple experimental approaches including the study ofmodel systems,
the characterization ofdomains ofconserved protein interactions and the determination of the
tri-dimensional structure ofmenin.
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CHAPTER 4

Cellular Functions ofMenin
Geoffrey N. Hendy', Hiroshi Kaji and Lucie Canaff

Abstract

Since itsdiscovery as a novelprotein some 10years ago, many cellular funct ionsof menin have
been identified. However, which ones of these relate specifically to rnenin's role as a tumor
suppressor and which ones not remains unclear. Menin is predominantly nuclear and acts

as a scaffold protein to regulate gene tran scription by coord inating chromatin remodeling. It is
implicated in both histone deacetylase and histone methyltransferase activity and, via the latt er,
regulates the expression ofcell cycle kinase inhibitor and homeobox domain genes. TGF-~ fam­
ily members are key cytostatic molecules and menin is a facilitator of the transcriptional activity
oftheir signaling molecules, the Smads, thereby ensuring appropriate control ofcell proliferation
and differentiation.

Introduction
The basiccell functions of menin will be reviewed. The focus will be on the role of menin in cell

cycle regulation, DNA repair and chromatin remodeling. Whereas the primary structure of men in
has been well conserved throughout evolution and orthologues are present in fruit fly, zebrafish
and mouse, a menin homologue is apparently not present in nematodes and yeasts.

Cell Cycle
In the cell cycle, a gap (Gl) phase is incorporated between nuclear division (M phase) and

DNA synthesis (S phase); G2 phase occurs between Sand M. Differentiated cells may exit Gl
and enter a resting pha se, GO. To enter S phase, activation ofcyclin-dependent kinases (CDKs) is
required. CDKs bind to a cyclin subuni t to become catalytically competent and the cyclin-CD K
complexes are tightly regulated. During G1 diverse signals are evaluated and on th is basis the cell
either enters S phase or enters GOor undergoes apoptosis. The G2 phase is devoted to mending
replication error s and ensuring that all is in order to proceed with mitosis. Oncogenic tran sforma­
tion is largely the result ofmalfunctions in these Gland G2 mechanisms.

Before Gl and in the absence of mitogenic signals, C D K2 is kept inactive. In resting cells,
E2F factors are bound to the retinoblastoma protein (Rb) or family memb ers and inactivate
them. Mitogens work by increasing D-type cyclins, wh ich combine with CDK4 and CDK6
to phosphorylate and inactivate Rb. The E2Fs that are released activate transcript ion of genes
encoding components supporting DNA replication.

Premature entry into S phase is prevented by inhibitors of the cyclin-CDK complexes. These
cyclin dependent kinase inhibitors (C DKls) include p l SInk4b, P16Ink4a, p18Ink4c, p21Cip1/
WAFl , p27Kipl and pS7Kip2 and some may mediate cytostatic signals. On the other hand,
mitogens can suppress the expression or location or activity ofCDKis. Mitogenic facto rs acting
through receptor tyrosine kinases activate the Ras pathway to stimulate cell proliferation, growth
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and survival. Inthe GTP-bound state, the Ras-MEK-ERK cascade promotes CDK activation. ERK
phosphorylares and stabilizes the transcription factor, c-Myc, that induces and inhibits expression
ofcyclin D 1 and CDKls, respectively.

The cytokine TGF-~ and family members provide cytostatic signals that limit G 1 progression
and cell proliferation. TGF-p activates a membrane complex ofserine/threonine kinase receptors
that phosphorylates Smad2 and Smad3 that associate with Smad4 and the complex translocates
to the nucleus where it regulates transcription in combination with coactivators and corepressors.
A subset of the regulated genes is critical for arresting G 1. Inepithelial cells this involves induc­
tion of CDKls and repression ofc-Myc. Smad-2, -3 and -4are considered as tumor suppressors
and mutations in several components ofthe TGF-p signaling pathway are contributors to a wide
variety ofcancers.

Menin and the Cell Cycle
Menin is a nuclear protein in nondividing (interphase) cells'f and it is only in mitosis when

the nuclear membrane has dissolved that menin appears in the cytoplasm.' At this time it may
be associated with cytoskeletal elements. Menin interacts with nonmuscle myosin II-A heavy
chain (NMHC II-A) that mediates alterations occurring in cytokinesis and cell shape during
cell division" and also interacts with the intermediate filament network proteins, glial fibrillary
acidic protein (GFAP) and vimentin.' It is unclear whether this relocalization represents only a
sequestering of menin before cytokinesis or that the protein is playing a functional role in this
location during late mitosis.

Tumor suppressors BRCAI and BRCA2 are poorly expressed in quiescent cells. Bycontrast,we
found that menin protein is relatively well expressed in quiescent rat pituitary somarolactotrope
GH4Cl cells at GO-GU The CDKls, such as p21 and p27, are also well expressed in quiescent
cells and we suggested that menin may function like these CDKls (or regulate their expression).
We found that the levelsofmenin transiently decrease as Rb protein becomes hyperphosphorylated
as cells enter the cell cycle and then increase again as the cells enter S phase from the G I-S-phase
boundary onward (see Fig. 1). Others have identified increases in menin mRNA at this tirne.''
It is at this stage that expression of other tumor suppressors such as BRCAl, BRCA2 and p53
increases. Thus menin may play some role at the Gl -S-phase checkpoint analogous to BRCAl,
BRCA2 and p53. It is to be emphasized, however, that the relative changes in menin expression are
modest (2-3-fold) relative to the marked changes in expression noted for other tumor suppressors
over the course of the cell cycle. Changes in post-translational modification that might suggest
alterations in activity throughout the cell cycle have yet to be examined.

Menin and the Retinoblastoma Protein
Studies with knockout mice have provided evidence that menin and Rb may operate in a com­

mon pathway to regulate cell proliferarlon,?Mice homozygous for either deletion ofthe Rb 1 gene
or the Men] gene die in utero. Mice heterozygous for either deletion ofthe Rb 1 gene" or the Men 1
gene develop endocrine rumors.v" Inthe Rb 1+1- mice, intermediate pituitary and thyroid tumors
occur frequently with less frequent development ofpancreatic islet hyperplasia and parathyroid
lesions. In the Men 1+1- mice, pancreatic islet and anterior pituitary adenomas are common. In
mice heterozygous for both Men 1 and Rb 1 deletion, pancreatic hyperplasia and tumors of the
intermediate pituitary and thyroid occur at high frequency. The tumor spectrum in the double
heterozygores is a combination of those for the individual heterozygotes, with no decrease in
age ofonset. This suggests that menin and Rb function in a common pathway. This would be in
contrast with studies ofmice heterozygous for deletion ofRbI and p53 that exhibit accelerated
tumorigenesis and a broadening of the spectrum of tumor types observed to encompass all the
types exhibited in the individual hererozygoces."

Menin and CDKInhibitors
p 18-p27 double mutant mice, like Rb heterozygous mice, develop multiple endocrine neopla­

sias, including pituitary, thyroid, parathyroid and adrenal, providing evidence that p 18 and p27
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Figure 1. Menin affects the activity andlor expression of several key cell cycle regulators
either by directly interacting with them or modulating transcription of their genes. A) GOI
G1 to 5 phase transition; Menin blocks the transition from GO/G1 to 5 phase and appears to
function in a common pathway with the retinoblastoma (Rb) protein . Menin is required for
the expression of CDKls such as p18 and p27 that maintain cells in a quiescent state.5 phase:
Menin inhibits cell proliferation by interacting with activator of 5-phase kinase (ASK). Cell
cycle checkpoints (G1 to 5; and G2 to M) and DNA repair: Menin can bind DNA directly
(like BRCA1) and functions in DNA repair via the ATR-CHK1, FANCD2 or FOXN3 (CHE51 )
pathways. For some of these, histone deacetylase (HDAC) complexes are also involved. For
further details see text. B) Menin protein expression changes throughout the cell cycle. Rat
somatolactotroph GH4C1 cells were serum starved for 24 h, cultured in complete media
containing either aphid icolin or mimosine (Gl -5 block ), or colcemid (G2-M block) for 24 h
and then released from blockade by culture in complete media for the indicated times (h).
For experimental details see reference 2. Relativeexpression levels (%) of menin protein were
determined by 5D5-PAGE and immunoblot of cell extracts. C) Relative expression of menin
protein throughout the cell cycle with peak levels at the intra-5 phase.
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function by regulating Rbstumor suppressor function. The types ofendocrine tumors cover the
spectrum seen in MENI and MEN2.12

•
13 However, mice lackingpS3 develop lymphomas and soft

tissue sarcomas.'! pS3 functions as a checkpoint gene to monitor genomic integrity, whereas Rb
functions to integrate mitogenic signals to determine whether the cell will enter S phase or not.

Menin directly regulates the expression ofthe CDKIs, p27 and p 18. Menin does this by recruit­
ing mixed lineage leukemia (MLL) protein complexes to their gene promoters and coding regions.
Loss of function ofeither MLL or menin results in down-regulation ofp27 and pl8 expression
and deregulated cell proliferation." By use ofa mouse model with heterozygous deletion of the
Men} gene, it was shown that men in-dependent histone methylation maintained expression of
CDKIs and prevented the formation ofpancreatic islet tumors. IS Therefore, menin is involved
in cell proliferation control by an epigenetic mechanism. Excision ofMen I in mouse embryonic
fibroblasts (MEFs) accelerated entry into S phase accompanied by increased CDK2 activity and
decreased expression ofpl8 and p27. Complementation ofmenin-null cellswith menin repressed
S-phase entry,"

In stable Men I-deficient Leydig tumor cell lines reconstituted menin expression decreased
cell proliferation with a block in transition from GO/G I to S phase and an increase in apoptosis
accompanied by increased p 18 and p27 expression.'?Tissue-specific inactivation ofMen I in neural
crest precursor cells in the mouse leads to perinatal death with cleft palate and other cranial bone
defects associated with decreased p27 expresslon.V'Ihe study demonstrated that menin functions
in vivo during osteogenesis and is required for palatogenesis, skeletal rib formation and perinatal
viability.

Therefore, a recurring theme arising from studies investigating the functions of menin either
early in embryogenesis and fetal development, on the one hand and those examining roles that
when lost in the growingor adult organism lead to endocrine (and other) neoplasia, on the other,
has been the requirement ofmenin for the proper functioning ofsome ofthe CDKIs in cell cycle
control.

Menin and GTPases
Ras-transformed murine fibroblasts (NIH3T3 cells) demonstrate increased proliferation,

clonal formation in soft agar and tumor growth after inoculation into nude mice. Overexpression
of menin in these cells caused them to partially revert to the phenotype of the parent NIH3T3
cells in vitro and in vivo.'? The studies support menin acting as a tumor suppressor, although
the activities being displayed by menin in these experiments may not necessarily involve a direct
antagonism ofthe Ras pathway.

It has been suggested that nucleoside diphosphate (NDP) kinases might act as molecular
switches to alter cell fate towards proliferation or differentiation in response to external signals."
The activity of the NDP kinases would be regulated by small molecular weight G proteins like
Rad and Rac that function as guanosine triphosphate (GTP}ases. While menin is not of small
molecular weight it has been shown to interact with the tumor suppressor NM23HlINDP kinase.
While neither protein has GTPase activity ofits own, their interaction induces GTPase activity by
menin.21

,22 It has been proposed that menin has several motifs similar to those in known GTPases
although the homology isweak. It would be anticipated that the interaction with menin stimulates
GEF activity ofnm23 although this remains unknown. In addition NDP kinases function at the
plasma membrane and evidence is lacking for men in being in the appropriate cellular localization
to fulfil this function.

Menin and]unD
JunD is a member ofthe activator protein-I (AP-l) transcription factor family and in contrast

to other Jun and Fos proteins has antimitogenic activity. JunD negatively regulates fibroblast
proliferation and antagonizes transformation by Ras in vitro and in vivo.23 Ofallthe AP-I family
members, menin interacts only with JunD and represses its transcriptional activity by association
with an mSin3A-histone deacetylase (HDAC) complex. 24

•
27 We had pointed out that it appeared

paradoxical that one antimitogenic factor would reduce the activity of another.' We suggested
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that whereas menin is a regulator ofJunD action,JunD may not be the main mediato r ofmen in
action. Further studies in fibroblasts have suggested that the nature ofJunD can change depending
upon whether it is bound by menin when it functions as a growth suppressor or it is not bound
by menin in which case it acts as a growth promoter like other AP-l family members." Howeve r,
the result ofJunD-menin interaction may be cell-type specific asJunD has a differentiating effect
in osteoblasts, an action that is inhibited by menin."

Menin andActivator DIS-Phase Kinase (ASK)
Targeted disruption oftheMenl gene leads to enhanced cellproliferation, whereascomplemen­

tation ofmenin-null cellswith menin reduces cell proliferation. Menin interacts with activator of
S-phase kinase (ASK), a component ofthe Cdc?IASK kinase complex.The C-terminal domain of
menin inte racts with ASK. W ild-type menin completely repressesASK-induced cell proliferation
although it does not affect the steady-state cell cycle profile ofASK-infected cells." As menin itself
represses basal cell proliferation , it is unclear whether men in'seffects are occurring via its interac­
tion with ASK or in an unrelated manne r.Also, ASK itself did not alter the steady-state cell cycle
profile. Disease-related C-terminal menin mutants that do not interact with ASK did not repress
either ASK-induced or basal cell proliferation. From other studies it appears that ASK is in the
nucleus ." The C-terminal menin deletion mutants would not gain access to the nucleus . Further
studies need to be done to determine where in the cell any physical interaction between menin
and ASK is taking place and what the exact fun ctional link between the two proteins is.

Menin and TGF-f3Family Members
In most mature tissues the cytokineTGF-~ providescytostatic signals that limit G 1progression

and cell proliferation. Menin is a Smad3-interacting protein and is a facilitato r oftranscriptional
activity ofthe Smads (see Fig. 2).32In anterior pituitary cells, inactivation ofmenin blocksTGF-~
and activin signaling, antagon izing their proliferation-inhibitory properties.P''" In cultured para­
thyroid cells from uremic hemodialysispatients in which the menin signaling pathways are inta ct ,
menin inactivation achieved by menin antisense oligonucleotides leads to lossofTGF-~ inhibition
ofparathyroid cell proliferation and parathyroid hormone (PTH) secretion (see Fig.3). Moreover,
TGF-~ does not affect the proliferation and PTH production ofparathyroid cells from MENl
patients that were devoid of menin protein.35.36Antisense inhibition ofmen in in a rat duodenal
crypt -like cell line increased cell proliferation with loss of cell-cycle arrest in G l and increased
expression of cyclin D 1 and CDK4 and decrea sed expression of the TGF-~ Type II receptor."
Hence, menin plays a critical role in mediating the cytos tatic effects ofTGF-~ ligands.

Duringearlyembryogenesisand fetaldevelopm ent and in some adul t mesenchymalcells,TGF-~

and bon e mo rphogenetic proteins (BM Ps) play important roles. Homozygous Men l inactiva­
tion in mice is embryonic lethal and the fetuses exhib it cranial and facial developmental defects.
Cranial bones form by int ramembranous ossification and menin may play an important role in
this type ofbone formation. In vitro, menin promotes the initial commitment of rnultipotential
mesenchymal stem cells to the osteobla st lineage through int eractions with the BMP-2 signaling
molecules, SmadllSmadS and the key osteoblast regulator, Runx2, whereas the interaction of
men in and the TGF-~ signaling molecule, Smad3, inhibits later osteoblast differenti ation by
negatively regulating the BMP-Runx2 cascade.38.39The focus in these studies was predominantly
on bone different iation markers. However, it would also be impo rtant to extend these studies by
evaluating menins influence on cell cycle markers. In vivo, in the mouse, tissue-specific inactivation
ofMen I in neural crest cells that cont ribute to cranial bones and the skeletal ribs and other tissues
leads to defects in osteogenesis and perinatal death. " The facethat mice and humans heterozygous
for loss of the Menl gene develop normally indicates haplosufficiency for all of menin's normal
functions.9.10However, for some fun ctions and in some cell typesonly, further reduction in menin
result s in developmental deficits.

The deregulation of the TGF-~ family pathway has also been correlated with Men I inactiva­
tion and altered cell growth in vivo by studying the Leydig cell tumors of het erozygous Men 1
mutant m ice.t? In the cellsofthe tumors the anti-Mullerian horm on e (AMH)/ BMPpathwaywas
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impaired with reduced expression ofAMH receptor Type 2, decreased expression ofSrnadl , -3,
-4 and -5 and reduced BMP transcriptional activity. The expression ofpIS and p27 was reduced
and that ofCDK4 increased. In other studies, it was noted that Men l-null MEFs demonstrate
reduced expression ofextracellular matrixproteins critical for organogenesis and that are indu ced
byTGF-~.4 1 TGF-~ failed to stimulate expression ofthese proteins in the menin-null MEFs that
also had poor responsiveness to TGF-~ induced Smad3-mediated transcription .

•

•

•

•
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Figure 2, viewed on previous page. Role of menin in TGF-~-mediated cell proliferation and
gene transcription facilitated by Smad/DNA interaction. A) TGF-~ stimulates menin expres­
sion. Serum-starved GH4Cl cells were cultured in TGF-~ for the indicated times (h) and total
cell menin levels were measured by immunoblot after SDS-PAGE with StaG as the protein
loading control. B) Endogenous menin expression is suppressed by antisense menin cDNA.
Serum-starved GH4Cl cells stably transfected with either vector alone (V) or antisense menin
(AS) were cultured in the absence (-) or presence (+) of TGF-~ for 1h. Menin expression was
assessed by immunoblotting of cell extracts after SDS-PAGE. C) Antisense menin blocks the
TGF-~-induced inh ibition of pituitary cell proliferation. Serum-starved GH4Cl cells were
cultured without (Cont.) or with TGF-~ for 72 h and cell numbers were counted. D) Menin
specifica lly binds the TGF-~ signaling molecule, Smad3. Menin was transfected into COS7 cells
with the indicated myc-tagged Smad2 or Smad3 constructs . Cell extracts were immunprecipi­
tated with anti-myc antibodies followed by SDS-PAGE and immunoblotting with anti-menin
antibodies . Total cell expression of the Smadsand menin was monitored. W, Western blot; Ip,
immunoprecipitation. E) Antisense menin inhibits TGF-~-mediated transcriptional responses.
The TGF-~-responsive promoter-Iuciferase reporter construct, 3TP-Lux, was transfected into
HepG2 cells together with empty vector (V) or antisense menin (AS) either alone or with sense
menin (S) and the cells were stimulated (+) or not (-) with TGF-~. Relative luciferase activity
was measured and the mean values are shown. F) Reduced menin expression disrupts Smad3
binding to DNA. GH4Cl cells were transfected with myc-Smad3 and flag-Smad4 in the ab­
sence (-) or presence (+) of antisense menin alone or with sensemenin . Nuclear extracts were
subjected to electromobility shift assay. The shifted band (arrow), the Smad/DNA complex,
was decreased in intensity by antisense menin and restored by coexpression of sense menin
and was completed abol ished by anti-myc antibod ies. Lane 10 representsan extract from cells
transfected with untagged (rather than myc-tagged) Smad3. Menin and Smad3/4 in the nuclear
extracts were monitored by immunoblot. For experimental details see reference 33.

CellCycleCheckpoints and DNA Repair
Tumor suppressors like BRCA1, BRCA2 and p53 play key roles in protection against genomic

instability. They integrate with components ofDNA damage checkpoints such as ataxia telangi­
ectasia mutated kinase (AT M) and ATM and Rad3-related kinase (ATR) whose substrates mediate
cell cycle arrest , DNA repair or cell death. Menin may also share some of these functions.

Menin and Genomic Instability
A role for menin in the maintenance ofgenomic stability is suggested. Chromosomal instabil­

ity (increased chromosomal breakage) was observed in cultured lymphocytes and in fibroblasts
derived from skin biopsies ofMEN 1 patients and hence heterozygous for an MEN 1 rnutation."
Peripheral lymphocytes from MEN 1 patients displayed an increase relative to normal controls in
premature centromere division after exposure to the alkylating agent diepoxybutane (DEB) that
crosslinks DNA.43-45 Menin-deficlent MEFs were also moderately sensitive to DEB and displayed
a high frequency ofchromosomal aberrations afier exposure to this agent .46Studies in Drosophila
showed that fliesmutant for the Men 1 orthologue are hypersensitive to ionization radiation and are
hyperrnutable.f A genome-wide loss ofheterozygosity (LaH) screening of23 pancreatic lesions
from 13 MEN 1 patients has shown multiple allelic deletions indicating that MEN 1 pancreatic tu ­
mors fail to maintain DNA integrity and demonstrate signs ofchromosomal instability," However,
in another study, no obvious chromosomal instability was observed in islet cellsofMen 1 knockout
mice and tumors developed in the absence ofchromosome or micro satellite instability."

Menin, DNA BindingandATR-CHKl Pathway
Menin binds DNA and interacts with proteins implicated in DNA damage pathways. The

canonical cellular response to UV-induced damage involves activation ofthe ATR kinase pathway.
Following UV irradiation ofhuman embryonic kidney (H EK293) cells, men in concentration in
chromatin increased but was decrea sed by the ATR inhibitor, caffeine.49 Transfection ofconstitu­
tively active checkpoint kinase 1 (CHK1 ) increased chromatin-bound menin mimicking the effect
ofUV irradiation and implicating the involvement ofan ATR-CHK1 dependent pathway.
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Figure 3. Role of menin in TGF-~-mediated inhibition of parathyroid cell proliferation and
parathyroid hormone (PTH) production. Parathyroid cells (from patients w ith secondary
hyperparathyroidism in which menin function is normal) were cultured in chamber slides
without (-) or with (+) antisense (AS) or sense (S) menin oligos for 6 h. A) Cells were then
cultured in fresh media without (-) or with (+) antisense or sense oligos without (-) or with
(+) TGF-~ for an additional 24 h and proliferat ing cell nuclear antigen (PCNA) immunocy­
tochemistry performed. Representative views of cells cultured (i) w ithout TGF-~ or oligos,
(ii) w ith TGF-~ and sense oligos or (iii) with TGF-~ and antisense oligos. B) Mean values for
PCNA-positive cells for each group described in (A) w ithout (vehicle) or with TGF-~. C) After
the initial culture of cells for 6 h (described above) PTH immunocytochemistry was performed
on some cells. Representative views of cells cultured as described under (B). D) Mean values
of PTH-positive cells for each group described under (C) cultured without (vehicle) or with
TGF-~. For experimental details see reference 35.

Similar to other tumor suppressorslike BRCAl,50that are involvedin DNA repair pathways,
menin apparently directly binds dsDNA in a sequence independent way," Amino acid sequences
located towardsthe C-terminus of menin within the nuclearlocalizationsignals (NLS1and NLS2)
appear to be essentialfor this binding. 'Thestudy wasconducted in MEFsnull for Men 1in which
a failure to represscellproliferation and cellcycleprogression at the GUM phasewasnoted . An
anticipated effectat G1/S asoccurswith BRCAI depletion wasnot observed.However,the authors
noted that the method of immortalization of the MEFs would have blocked the Rb pathway so
that effectson this part of the cellcyclewould not have been evaluated.



CellularFunctions ofMenin 45

Menin andFANCD2
The FANCD2 protein is involved in DNA repair and mutations in it result in the inherited

cancer syndrome, Fanconis Anemia. Menin interacts with FANCD2; gamma-irradiation enhances
the interaction and increases the accumulation of menin in the nuclear matrix Y These results
suggest a role for menin, in cooperation with FANCD2, in DNA repair.

More recently, Marek et a}53have compared the mutation frequency and spectra ofMen I and
FANCD2 mutants in Drosophila. Men l mutant flies were extremely prone to single base dele­
tions within ahomopolymeric tract, whereas FANCD2 mutants displayed large deletions. Neither
overexpression nor lossofMen I modified the inrerstrand crosslink (ICL) sensitivity ofFAN CD2
mutants. The different mutation spectra of Men I and FANCD2 mutants together with lack of
evidence for genetic interaction between these genes indicates that Men I plays an essential role
in ICL repair distinct from the Fanconi anemia genes.

MeninandRPA2
Menin directly binds to and colocalizes in the nucleus with the 32-kDa subunit (RPA2) of

replication protein A (RPA),a heterotrimeric protein required for DNA replication, recombination
and repair." The interactive region was mapped to the N-terminal portion ofmenin and menin
bound preferentially in vitro to free RPA2 rather than the RPA heterotrimer. Menin had no ef­
fect on RPA-DNA binding in vitro. However, menin antibodies coimmunoprecipitated RPAI
with RPA2 from HeLa extracts suggesting that menin binds to the RPA heterotrimer or a novel
RPAI-RPA2-containing complex in vivo. The functional consequences of the interactions are
unclear but it is possible that men in acts as a scaffold protein to bridge different components ofa
cross-link repair network. Menin could also have, by its association with HDACs, a more general
effect on chromatin remodeling facilitating accessofdamaged DNA to the repair machinery.

Menin andFOXN3 (CHESI)
FOXN3 (CHESI), a member of the forkhead/winged-helix transcription factor fam­

ily, was originally identified by its ability to suppress DNA damage sensitivity phenotypes in
checkpoint-deficient yeast strains. By study ofintegrity ofDNA damage checkpoints in mutant
Drosophila lacking the Men I orthologue and in MEFs deficient for Men I. biochemical and genetic
interactions between menin and FOXN3 (CHESI) were demonstrated.55 FOXN3 (CHESI) is
part ofa transcriptional repressor complex, that includes mSin3a. HDACI and HDAC2 and it
interacts with menin in a DNA damage-responsive S-phase checkpoint pathway.

Chromatin Remodeling
Transcription factors bind to DNA in a sequence-specific manner and they recruit cofactors

like chromatin-modifying complexes to regulate transcription of specific genes. In the nucleus,
DNA is wrapped around histone proteins to form nucleosomes and the repeating nucleosomes
form the chromatin fibres ofchromosomes. Accessibility to chromosomal DNA is a prerequisite
for gene transcription by RNA polymerases. Post-translational modifications ofthe tailsofhistones
involving acetylation and methylation influence the status ofnucleosornes and affect the recruit­
ment of transcriptional cofactor complexes.

Menin and TranscriptionalRegulation
Menin is implicated in the regulation ofmany genes via interaction with specific transcription

factors and with the large subunit of RNA polymerase 11.56 Menin exerts a dual role, either as a
repressor or as an activator depending upon the particular transcription factor involved. This might
be explained by a model in which menin serves to link transcription regulation with chromatin
modification.

Menin andHistone Deacetylase
The chromatin modification, histone acetylation, is correlated with activation ofgene transcrip­

tion . Histone deacerylarion mediated by complexes ofthe general transcription repressor, Sin3A ,
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Figure 4. Menin regulates gene transcription. A) Menin interacts with JunD and represses
JunO-mediated transcription by recruiting a histone-deacetylating complex comprising the
mSin3A, HDACl and HDAC2 proteins. B)Menin is a component of MLLl or MLL2 complexes
with histone methyltransferase (H3K4) activity. Other proteins in the complex are WDRS,
RbbpS and hASH2. Recruitment by an unknown DNA binding factor of menin and the histone
methyl transferase complex leads to histone 3 lysine 4 trimethylation (H3K4-me3) coincident
with the presence of RNA polymerase II and the basal transcription machinery at promoters
such as those for the CDKI, p18 and p27, genes.

with HDACs is related to gene inactivation. Menin interacts with HDAC-mSin3A complexes
to repress transcription of]unD (see Fig. 4A).25.26
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Menin andHistone Methyltransferase
Menin, as a component of the MLL chromatin remodelingcomplexes, is involved in trim­

ethylarionof the fourth lysine (K) residueof histone H3 (H3K4 trimethylation) that is strongly
associated with transcription activation.56.57 By recruiting histone methyltransferase activity
menin acts asa tumor suppressor by activatingtranscription of antiproliferative geneslike those
for CDKIs (seeFig.4B).14.15

Menin binds to the N-terrninalregionofMLLl. Somebut not allof the fewMEN1associated
missense mutants tested fail to bind MLL.56 So it remains unclearexactly how essential the loss
ofH3K4 methylation is in MENl tumorigenesis. Of interest, fusion proteins createdby chro­
mosomaltranslocationsof MLL and other proteins in the complexhavea causal role in several
forms of leukemia. Menin is an essential cofactor for MLL-associated leukemogenesls.t t'" This
hasprompted the suggestion that menin, usually consideredasa tumor suppressor, under special
circumstances maypromote oncogenesis.

Homeobox-domain (HOX) genesthat control the fundamental body plan during embryo­
genesis aretargetsfor MLL.Consistentwith menin beingpart of the MLLcomplexes, the protein
is located at the promoters of some HOX genesand shown in somecases to regulateindividual
HOX gene expression in variouscells including MEFs,56mouse bone marrow cells'? and HeLa
cells.57.58.61 Deregulationofexpression of manyand afewHOX genes hasbeenfoundinparathyroid
tumorsofpatientswith MEN1and sporadichyperparathyroidism, respectively.62Themechanisms
underlyingthe altered HOX gene expression and whether it is causalof or coincidental to the
tumorigenesis remainsto be established.

Menin, Chromatin and Gene Expression
Bycombining chromatin immunoprecipitation (ChIP) assay with gene expression analysis,

hundreds of menin-occupied chromatin regions were revealed.v The majority (67%) were at
known genes (promoters, internal, 3' regions) with 33% located outside known gene regions.
While this reinforces the notion of menin as a transcriptional regulator, menin likely acts in
an indirect fashion (it maynot bind DNA directly) by functioning as a scaffold protein within
chromatin remodelingcomplexes. Knowledge of the participation of menin in regulatingseveral
geneshas come from ChIP analysis and promoter-reporter transfectionassays. Additional infor­
mation has come from microarray analysis of a varietyof Men1 expressing versus Men1 deleted
cells. Interestingly, this has revealed that menin target genes in one tissueshowminimaloverlap
with targetsof other tissues.f'

Genomic binding sitesof menin and other proteins representing MLL complexes (seeabove)
weremappedto several thousandgenepromotersin threedifferent celltypesbyChlf coupledwith
microarrayanalyses." While menin frequentlycolocalized with chromatin modifyingcomplexes
it alsobound other promoters byother (unknown) mechanisms.

Conclusion
It is becomingclear that menin plays criticalroles in embryogenesis and earlyfetal develop­

ment forwhichfunctionsmeninappearsto behaplosuflicient. Menin isinvolved in organogenesis
of neural tube, heart and craniofacial structures and hematopoiesis. In the adult, reductions in
menin expression, under the influence of the hormone prolactin, hasbeen implicatedin the nor­
mal expansionof pancreatic islet ~·cells that occurs in pregnancyto meet the increased insulin
demand at this time.64
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CHAPTERS

The Role ofMenin in Hematopoiesis
Ivan Maillard andJay L. Hess"

Abstract

I n the hematopoietic system,menin wasfound to interact with MLL, a largeprotein encoded
by the mixedlinageleukemiagenethat actsasahistone H3 merhyltransferase.TheMLL gene
is a recurrent target for translocations in both acute myeloidand acute lymphoid leukemias.

MLL gene rearrangements involvea varietyof translocation partners, givingrise to MLL fusion
proteins whose transforming ability is mediated through upregulated expression of Homeobox
(Hox) genesas well as other targets. Recent work indicates that menin is an essentialparmer of
MLL fusion proteins in leukemiccellsand that it regulatesnormal hematopoiesis. In the absence
of menin,steady-state hematopoiesisislargely preserved; however,menin-deficienr hematopoietic
stem cellsaremarkedlydeficientin situationsofhematopoietic stress, suchasduring recoveryafter
bone marrow transplantation. In leukemias driven by MLL fusion proteins, menin is essential
for transformation and growth ofthe malignant cells. Thus, menin-Ml.L interactions represent a
promising therapeutic target in leukemiaswith MLL rearrangements.

Introduction

Menin Is Associated with MLL, a Histone Methyltransftrase Rearranged
in Leukemia

Recognition of the roleofmenin in normal and neoplastic hematopoiesisarose from studies
ofthe mixedlineageleukemiageneMLL, the mammalianhomologofDrosophila trithorax.MLL
rearrangementsareacommoncauseof both acutelymphoidand myeloidleukemias (Fig.!).Among
lymphoid leukemiasthe most common MLL rearrangementsare the t(4; 11) and t( 11; 19) trans­
locations,which areassociatedwith pro-B-cellieukemiasthat express MLL-AF4andMLL -ENL
respectively. The most common MLL rearrangementsin acute myeloidleukemiasinclude the t(9;
11), t(l1 ; 19) and t(10; 11), which express MLL -AF9,MLL-ELL andMLL-AFlO respectively.
MLL rearrangementsarealsocommon in secondaryacutelymphoid and myeloidleukemias arising
followingtherapywith topoisomeraseinhibitors suchasetoposide.' In all, more than 50 different
translocationshavebeen identified.

MLL (3968 aa) isproteolyticallycleaved into two fragmentsbeforeentering the nucleus.P'The
amino terminusof (MLLN) isa 300 kD protein that directlytargetsMLL to specific chromosomal
sites including promoters and coding regions of Hoxgenes. These sequencesspan a short evolu­
tionarily conserved N-terminal domain (NTD), three AT hooks, which bind the minor groove
ofDNA and a nonenzymatic DNA methyltransferasehomology (DNMT) region that ispivotal
for MLL binding to unmethylated CpG-rich DNA. 4.5 The C terminus ofMLLN contains several
regionswith high homology to trx.These include three cysteine-richzinc finger domains (termed
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Figure 1. Schematic of MLL and the two general types of MLL fusion proteins. The most com­
mon translocations fuse MLL to nuclear translocation partners with transcriptional activating
activity. Many of these are components of the MLL Partner Activating Complex (MPAC) (see
text and Fig.2). Lesscommonly, MLL is fused to a translocation partner that transforms through
dimerization of the truncated MLL molecule. MLL-FKBPis an experimental fusion protein that
transforms only in the presence of synthetic dimerizer. MLL and both classes of MLL fusion
proteins interact with menin via sequences in the extreme amino terminus.

PHD for plant homeodomain) which flank an imperfect bromodomain, a domain implicated in
binding to acetylated histones .2,3,6-8

The 180 kD MLLc peptide noncovalently associateswith MLL N and has potent transcriptional
activating activity.z'3 Transcriptional activation by MLL involves a concerted series of histone
modifications mediated by MLLe. The MLL SET domain has intrinsic histone methyltrans­
ferase activity specific for histone H3 lysine 4 and that this plays a major role in transcriptional
activation.S'? In addition, histone acetylation also contributes to transcriptional activation. The
histone acetyltransferase (HAT) CBP is recruited by MLL via hydrophobic interactions in MLL
aa 2829-2883.11,12 MLL also interacts with the histone acetyltransferase M0 F,an interaction that
is important for transcriptional activation.'!

Studies by several laboratories have shown that MLL is associated with mammalian homologs
ofproteins in the yeast Set1 merhylrransferase complex. These include a core complex composed of
hASH2, Rbb'i , WDRS and Dpy30. 13-

IS This complex associates with the MLL SET domain and,
via WDRS, targets MLL to sites ofhistone H3lysine 4 dtmerhylarlon." Importantly, the MLL
complex also contains menin.F'The exact function ofmenin is yet to be determined, although it
is clear that menin is directly involved with transcriptional regulation. Menin has been reported
to repress transcriptional activation by transcription factors ]unD18 and NF-lCB.1

9 However, our
studies show that menin is involved in transcriptional activation. Menin interacts with the serine
5 phosphorylated form ofRNA polymerase II (RNA pol II) and is required for transcription of
target genes including the clustered Hox genes.IU OMenin interacts with MLL via a domain that is
conserved in all leukemogenic MLL fusion proteins and apparently recruits MLL to target loci.

The best understood targets of MLL are the clustered homeobox or Hox genes, which are
transcription factors that specify segment identity and cell fate during development. Previous
studies showed that Mil (Mil = murine MLL) positively regulates Hox gene expression during
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development" because heterozygous Mil knockout mice showed posterior shifts in Hox gene
expression. Moreover, Mil knockout mice are embryonic lethals in which patterns ofHoxexpres­
sion initiate normally, but are not maintained past embryonic day 9.5, when Hoxexpression drops
to undetectable levels, indicating a pivotal role for MLL in maintenance ofHoxgene expression.

Work done by our laboratory and others has also identified additional MLLImenin targets
that are outside of the clustered Hox genes. Building on insights gained from growth data and
microarray gene expression analysis on MIl and menin knockout fibroblasts, we determined that
MLL directly regulated the expression of the cyclin-dependent kinase inhibitors p2!Upl and
pUlnk4cy We foun~ that menin activates transcription via a mechanism involving recruitment
ofMLL to the p2rzp1 and p1glnk4cpromoters and coding regions. Loss of function ofMLL or
men in, either thro~gh ablation or expression ofmutant alleles found in patients, results in down
regulation ofp27Kip1 and p1glnk4cexpression and deregulated cell growth. These findings were
further extended by analyzing a seriesofpancreatic~d parathyroid tumors from MEN1patients.
These studies confirmed a marked decrease in p2rzp1 in tumoral tissues. In aggregate, our data
suggest that regulation ofCDK inhibitor transcription by cooperative interaction between menin
and MLL plays a central role in menin's activity as a tumor suppressor. These findings have been
subsequently confirmed by other investigators.23-25

Role ofMenin in Hematopoiesis
Normal hematopoiesis is markedly impaired in the absence ofMIl and significant, but not over­

lapping, hematopoietic defects have now been identified in conditional menin knockout mice.
In the embryo, MIl is required to establish normal primitive and definitive hematopoiesis.v "

In addition, recent evidence shows that MIl is essential to support the homeostasis of adult he­
matopoietic progenitors.P'" In one of the two reports investigating this question, loss ofMIl led
to rapid and profound hematopoietic failure." This was associated with an initial decrease in the
quiescence ofhematopoietic stem cells (HSCs), followed by HSC loss, as well as with downregu­
lated expression ofHoxa9,Hoxa7 and other clustered Hoxgenes. In the other report using an al­
ternative approach to inactivate theMllgene, steady-state hematopoiesis was lessseverelyimpaired,
but MIl-deficient HSCs were markedly defective upon competitive transplantation into lethally
irradiated hosts." The basis for this difference in phenotypic severity is unclear, although it was
likely related to differences in genetic strategies and may have resulted from incomplete elimina­
tion ofMIl function in the mice with the lesssevere phenotype.'? Altogether, this work identified
key roles for MIl both in the establishment ofhematopoiesisduring embryonic development and
its subsequent maintenance throughout life.

In view of these findings and because men in interacts with the MIl complex in leukemic
cells, it was important to delineate the physiological impact ofmenin on normal hematopoiesis.
Menin-deficlent mice die during mid-gestation with multiple developmental defects." Therefore,
evaluating the role ofmenin in hematopoiesis required the useofa conditionalMen1 allele." Men1
inactivation in adult mice led to a modest decrease in the peripheral blood white cell count, as
well as to a decreased ability ofbone marrow progenitors to generate colonies in methylcellulose
assays." Unlike in MIl-deficient mice, loss ofmenin did not lead to overt hematopoietic failure.
We havenow investigated in detail the function ofmenin-deficient hematopoietic progenitors." In
the absence ofhematopoietic stress, menin-deficient mice were able to maintain normal numbers
of primitive hematopoietic progenitors containing hematopoietic stem cells, nonself-renewing
multipotent progenitors and myeloerythroid progenitors. However, although common lymphoid
progenitors were preserved, numbers of downstream B lineage progenitors were significant ly
decreased in the bone marrow, indicating that the lymphoid lineage is particularly sensitive to
the loss of menin. In contrast to the mild defects observed during steady-state hematopoiesis,
menin-deficient hematopoietic stem cells had a severely impaired repopulation potential in
competitive tran splantation assaysand were also defective after drug-mediated chemoablation.
Altogether, this discrepancy between a relatively well preserved steady-state hematopoiesis and
profoundly abnormal HSC function after transplantation or chemoablation points to a specific
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roleof menin in the adaptiveresponse ofHSCs to hematopoieticstress, a situation that involves
the recruitment of quiescentHSCs into a burst of rapid proliferation.

The preservation of relatively normal hematopoiesis at steady-state in the absence of menin
contrastswith the profoundhematopoieticfailure reportedafterlossof MIl,suggesting that menin
maybe absolutely requiredonly for a subsetof MIl'sfunctions.29.33.34 It remains to be determined
if other proteins can substitute for menin to support MIl function in certain conditions, or if
MIl can exert someof its effects totally independentlyof menin. An improvedunderstandingof
rnenins precise role in the MIl complex during transcriptional regulation will be important to
answerthis question.

The relevanttarget genesof menin in the hematopoieticsystem remainto beidentified.Hoxa9
deficiency causes defectsin HSC and lymphoidprogenitorfunction that sharecharacteristics with
the defects observed after menin loss.35.36 Therefore, it was tempting to speculate that reduced
Hoxa9 expression would account for at leastsomeof the defectsof menin-deficient progenitors.
Intriguingly,wefound that Hoxa9 expression wasnormal in menin-deficient progenitorfractions
containing HSCS.34 Thesefindings indicate that MIl and other regulatory inputs can maintain
Hoxa9 expression without menin in steady-state conditions. However, maintenanceor induction
ofHoxa9 expression duringaproliferative burst associated with hematopoieticstressmayrequire
menin-dependent epigenetic changes. Alternatively, the physiological role of menin in HSCs
may not require Hoxa9 at all and thus be dissociated from its role in supporting MLL fusion
protein-mediated transformation.

Although it isclearthat Hoxgenesare regulatedbyMIland mediatemanyof itseffects during
transformation, the downstreamgenes that mediate MIl's effects in normal hematopoietic cells
havealsonot beenformally identified.Loss-of-function approaches haveshownthat the individual
Hox genesexaminedso far do not support hematopoieticfunctions that are asprominent as the
overalleffectof MIl. Future work willhaveto establishif a combination of Hox genes regulated
by MIl mediates its hematopoietic functions, or if MIl acts predominantly through non-Hox
target genes.

The specific involvement of menin in HSC function during hematopoieticstresshas several
practicalconsequences. First,studyofmenin-deficient progenitorsmaygiveimportant insightsin
the regulation of the complexHSC response to situationsof hematopoieticstress.This adaptive
response isstillpoorlyunderstood,yetit isfunctionallycriticalin manysituationsthat arerelevant
to humanhealth,suchashematopoieticrecovery afterchemotherapy or bonemarrowtransplanta­
tion. Ofparticular interest isthe regulationofepigeneticchangesthat mustoccurin HSCs in this
contextand that mayunderliethe abilityofHSCs to maintain expression of afunctionalstemcell
program evenwhileundergoingseveral rounds of rapid self-renewal divisions.

Role ofMenin in Leukemogenesis
All the MLL fusionproteins examinedto date upregulateexpression ofHoxa9 and Meisl and

this appearsto bepivotalfor leukemogenesis.Hox genes includingHoxa7 anda9 and theHox co­
factorMeisl arenormallyonlyexpressed in earlyScal+Lin-hematopoietic stemcells and then their
expression is rapidlydownregulated.F"? Although MLL is expressed throughout hematopoietic
differentiation,normallyHox geneand Meisl expression is physiologically down modulated. In
the presenceof MLL fusionproteins, this mechanismis perturbed. In keepingwith this, human
leukemias with MLL rearrangements, either lymphoidor myeloid, consistently express HOXA7,
HOXA9 andMEIS1.41-43 Experimental modelsprovidestrongevidence that upregulationofHox
genes, particularlyHoxa9 and Meisl, accountsfor MLL fusionprotein leukemogenicity. Hoxa7
andHoxa9 areconsistently expressed in leukemiasarisingin BXH2 asa resultof retroviralintegra­
tion.44•45Notably, more than 95% ofleukemiaswith Hoxa7 and a9 overexpression showa second
integrationresulting inoverexpression ofMeisl.CotransductionofHoxa9 andMeisl immortalizes
hematopoieticprogenitors in vitro and rapidlyaccelerates leukemiadevelopmentin transplanted
mice." Theseresultsare further supported by the inabilityofMLL fusion proteins to transform
Hoxa9 knockout bone marrow,"
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Figure2.Transduction of leukemic cells w ith expression vectors thatcoexpress green fluorescent
protein and peptides that inhibit the MLL-menin interaction inhibits growth. Growth curve
analysis of cells purified by sorting for GFP expression. All peptides that inhibit MLL-menin
interaction (M LL2-167, MLL2-62, MLL 2-44 , MLL~35-103 inhibit growth while those that do
not block the interaction (M LL2-35, MLL15-167, GFP) do not. Points show means of triplicate
experiments, wh ile bars show standard deviation. (Reproduced with permission from Caslini
et al. Cancer Res67:7275-83, 2007 ).

Menin is required for transcriptional activation and transformation by MLL fusion proteins.
The protein binds to the N terminal 44 aa ofMLL that are remote from the SET domain or MOF
interaction domains. Previously we showed that menin interacts with the serine 5 phosphorylated
form ofRNA polymerase IFo and in addition found that in fibroblasts menin appears to be im­
portant for recruitment of the MLL rnethyltransferase complex to target promoters.10 It is likely
that similar mechanisms are operative in hematopoietic cells. Deletion of the men in interaction
domain from MLL fusion proteins results in complete loss ofimmortalizing ability. Furthermore
we showed that dominant negative inhibitors ofthe MLL-menin interaction. which were derived
from N-terminal MLL peptides inhibited the growth ofMLL transformed cells (Fig.2). This is
accompanied by down regulation ofMLL targets including Hox genes and Meisl"

Conclusion
Menin functions as an essential partner ofMLL proteins within a large multiprotein complex

with homology to the yeast Set! methyl transferase complex. Although the precise biochemical
mechanisms of menins action remain to be fully investigated. it is clear that men in contributes
to MLL-mediated Histone 3 Lysine 4 methylation at target gene loci. Menin regulates the ho­
meostasis ofnormal hematopoietic progenitors. In addition, menin appears essential to mediate
the transcriptional effects ofMLL fusion proteins in leukemic cells, such as upregulation ofHox
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gene expression. As menin has only modest effects on hematopoietic stem cellsin steady-state
conditions,our findings suggest the existence of a therapeuticwindow to target the menin-MLL
interaction in leukemiastemcells whilesparingadjacentnormal stem cells, at leastin the absence
of hematopoietic stress. These findings suggest that targeting the MLL-menin interaction is a
promisingtarget for leukemias with MLLrearrangements andpossibly other leukemias with high
levelHox and Meis1 expression.
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CHAPTER 6

Role ofMenin in Bone Development
Hiroshi Kaji,*Lucie Canaffand Geoffrey N. Hendy

Abstract

M enin function is related to transcriptional regulation and cell cycle control and it physi­
callyand functionally interacts with osteotropic transcription factors, such as Smad 1/5,
Smad3, Runx2 andJunD. Menin promotes the commitment ofpluripotent mesenchymal

stem cells to the osteoblast lineage, mediated by interactions between menin and the BMP signal­
ing molecules, Smadl/5, or Runx2. On the other hand, in mature osteoblasts the interaction of
menin and the TGF-f3/Smad3 pathway counteracts the BMP-21Smad1l5- and Runx2-induced
transcriptional activities leading to inhibition of late stage osteoblast differentiation. Moreover,
menin suppresses osteoblast maturation partly by inhibiting the differentiation actions ofJunD. In
conclusion, menin plays an important role in osteoblastogenesis and osteoblast differentiation.

Introduction
Osteoblasts, chondrocytes, adipocytes and myoblasts are derived from common precursor

cells-multipotential mesenchymal stem cellsderived from mesoderm. Several hormones,growth
factors and cyrokines regulate, systemically and locally, the commitment of the stem cells into
osteoblastic cells and their subsequent maturation. Moreover, transcriptional regulators, such as
Runx2 and AP-1 family members, are critical for osteoblast differentiationY Here , we review
our studies that show the interaction ofmenin with the BMP-2, TGF-f3 and AP-l pathways in
osteoblastogenesis and differentiation.

Menin isexpressed in all mouse tissues examined and these include bone.' Homozygous Men!
inactivation in mice isembryonic lethal at 12 days and some fetuses exhibit clear defects in cranial
and facial development, whereas the heterozygous phenotype isstrikingly similar to that ofMEN1
in humans, with endocrine tumors developing later in life.4•5 Since cranial bones are formed by
intramembranous ossification, the findings suggested that menin might playa role in bone for­
mation. Our studies provide evidence of roles for menin in the commitment of multipotenrial
mesenchymal stem cells to the osteoblast lineage and the later differentiation ofosteoblasts.

Menin and TGF-~ Signaling
We demonstrated initially that menin interacts with the transforming growth factor (TGF)-f3

signaling molecule, Smad3, in the rat anterior pituitary GH4Cl cell line," Menin inactivation
by antisense RNA antagonizes TGF-f3-mediated cell proliferation inhibition. Moreover, menin
inactivation with antisense RNA suppresses TGF-f3-induced and Smad3-induced transcriptional
activity by inhibiting Smad3/4-DNA binding at specific transcriptional regulatory sites. Given
the important function ofTGF-f3 acting to negatively regulate cell proliferation in an autocrine
or paracrine fashion, the loss ofmenin/Smad3 interactions has clear implications for cell growth
dysregulation leading to tumorigenesis. Tumor suppressors often function as checkpoints, ensuring
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that the cellcycle is arrestedwhen the cell is exposed to inhibitory growth factors? Blockage of
TGF-~ signaling maydisrupt the delicately balancedcellularsteadystate,pushingthe celltoward
inappropriate growth that ultimately results in tumor formation. Indeed, several reports have
describedinactivating mutationsin genes encodingproteins known to be essential for the TGF-~
signalingpathways includinggenes forSmad2andSmad4, in cancers ofpancreas,biliarytract,colon,
lung,head, neck and hepatocellular carcinoma,"

Menin and AP-l Signaling
The AP-l transcription factor familyconsists of Jun members [c-jun, JunB and JunD) and

Fos members (c-Fos, FosB, Fral and Fra2). Among them, onlyJunD has been demonstrated to
directlyinteract with menin.9•10Menin repressesJunD-activatedtranscriptionbyassociation with
anmSin3A-histone deacetylase complex.-!' Onlythe full-length isoforrn ofJunD bindsto menin.P
Wefound thatjunl) expression washigherin proliferatingthan restinganteriorpituitary GH4C1
cells," although, in general, the expression ofJunD is constitutiveand is less affectedby growth
factor and external stimuli.'! In the anterior pituitary cellsthe expression ofJunD paralleledthat
of menin. Data havebeenpresentedto support the hypothesis that the characterofJunD changes
depending upon whether it is bound or not bound to menin. Thus,JunD changedfrom growth
suppressorto growth promoter when its binding to menin waspreventedby it beingmutated or
by being in a menin-null geneticbackground.'! In COS cells, menin augmentedc-jun-mediated
transactivationbyan unknown mechanism."

BMP, TGF-~ and AP-l Signaling in the Osteoblast
BMP-2 has the ability to induceectopic bone and cartilageformation in extraskeletal tissues

in vivo.' BMP-2 plays criticalrolesin bone formation and bone celldifferentiationand it induces
mesenchymal stem cells to differentiate into osreoblascs."

TGF-~ is most abundant in the bone matrix. It isstored in an inactive form then released and
activatedin the bone microenvironment.'! TGF-~ generally inhibits osteoblastdifferentiation.
However, we found that Smad3, normally considered to mediate TGF-~ signaling, enhanced
alkalinephosphatase(ALP)activity, mineralizationand the levelof bone matrixproteins suchas
Type 1 collagen (CoIl), suggesting that Smad3 in somenovelfashion plays an important role in
osteoblasticbone formation.'? This discordance between TGF-~ and Smad3actions was likely
due to the activationof ERKl/2 and ]NK byTGF-~ negatively regulatingthe Smad3-induced
ALP activityand mineralizationin osteoblasrs ."

BMP-2andTGF-~ act through cell-surface complexes of TypeI and TypeII transmembrane
serine/threonine kinasereceptors." In the presenceof ligand,the receptorsassociate and the Type
II receptor phosphorylates the Type I receptor, which propagates a signalby phosphorylating
receptor-regulated Smadsat their carboxyl-termini and activatingthem. BMP receptorsactivate
Smadl , SmadS and Smad8 and TGF-~ receptorsactivateSmad2 and Smad3. ActivatedSmads
form stablecomplexes with a common Smad,Smad4and the complextranslocates to the nucleus
and regulates transcriptional responses initiated by the BMP or TGF-~ (Fig. I) .

Runx2(alsoknownasCbfal ) isamastergenefor the generationof fullyfunctionalosteoblasts.
Micehomozygous null for Runx2havecompletelackof bone formationwith arrestof osteoblast
differentiarion." Runx2isacommontargetofBMP-2andTGF-~ (Fig. 2)andcooperationbetween
Runx2and the BMP-2 signalingmolecule, SmadS, inducesosteoblast-specific geneexpression in
mesenchymal stem cells. Runx2inducesbone matrixgenes, includingColl, osteopontin (OPN) ,
bonesialoprotein, osteocalcin (OCN) and fibronectin.2On theotherhand,Runx2inhibitsmatura­
tion. Its positiveeffects on differentiation are restrictedto earlystageosteoblastdevelopment.

Osterix (Osx) is a zincfingertranscription factor specific to the osteoblastlineageand critical
for formation of immature osteoblasts from preosteoblasts and bone differentiation." Runx2
positively regulates the activityof the Osx gene (Fig. 2)23 whereas the tumor suppressor, pS3,
represses both Runx2 and Osx transcription and oseeoblaseogenesis.o" Thus far, interactions
between Osx and menin are not known.
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Figure 1. Role of menin in TGF-~ family member signaling. The ligands TGF-~ and BMP sig­
nal through Type I and Type II serine/threonine kinase receptors. Receptor-activated Smads
(R-Smad: Smad2 and 3, TGF-~; Smadl , 5 and 8; BMP) associate with the common Smad
(Smad4) and translocate to the nucleus. In the nucleus, menin is bound to the R-Smad and
facilitates transcript ion by the Smad complex. If menin is inactivated, TGF-~ ligand signaling
is blocked leading to altered cell prol iferation and/or differentiation .

Wnts are secreted glycoproteins that mediate local cellular interactions in development.
Canonical Wnt Signaling (via ~-catenin) critically controls osreoblascogenesis." Interaction of
Wnt proteins with the cell-surface frizzled (FRP) receptors and low den sity lipoprotein-related
protein (LRP)-5 and -6 coreceptors results in glycogen synthase kina se (GSK)-3~-mediated

l3-catenin phosphorylation resulting in l3-catenin accumulation and translocation to the nucleus
and upregulation ofgene transcription by interaction with high-mobilitygroup box transcriptional
factor softhe lymphoid enhancer-bindingfactor (Lef)/T cell factor (Tcf) family (Fig.2).We have
shown that the canonical Wnt-~-cateninpathway is involved in the osteoblast anti-apoptotic ac­
tions ofparathyroid hormone (PTH).27This occurs in partvia Smad3 although,asyet, interactions
between menin and the Wnt pathway have not been explored.

With respect to actions of AP-l family members in bone, overexpression of c-Fos in mice
causes osteosarcoma and homozygous c-fos-deficient mice develop osteopetrosis with a lack of
osteoclasts." :" Overexpression of either Fra-I or DeitafosB increases bone formation causing
osteo sclerosis in transgenic mice.30.31Loss of]unB in mice results in reduced bone formation
and severe bone turnover osteopenia mainly due to a cell-autonomous osteoblast and osteoclast
differentiation defect. 32Thus. AP-l signaling is also important for bone remodeling (Fig. 2). As
for lunD. its expression in osreoblasts is modulated by external stimuli, eith er mechan ical strain
or basic fibroblast growth factor.33.34 Overexpres sion ofJunD and FraZ represses Runx2-induced
collagenase-3 gene promoter activity in differentiated osteoblasts, suggesting that Runx2 /AP-l
interaction regulates this matrix metalloprotease important for skeletal development and normal
and pathological remodeling ofbone. " Moreover, expression ofOCN is upregulated by overex­
pression ofJunD and FraZ in rat osteoblasts." Diminished AP-l activit y, especially]unD and the
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resultant decline in the expression of inrerleukin-Ll in bone marrowstromal cells plays a role in
the impairedbone formation of a strain of senescence-accelerated mice."

Role ofMen in in Early Stage Osteoblast Differentiation
Weexaminedchanges in meninexpression levels in mouseuncommittedmesenchymal cell-lines

(10Tl/2, ST2 and PA6 cells) and mouse osteoblastic MC3T3-El cellsduring the progression
of differentiation.Yln confluent lOTl/2 cells, at 7 daysof culture, menin wasexpressed and the
levels increased with BMP-2treatmentby14days but had decreased somewhatat 21days(Fig. 3a).
While CoIl and Runx2 remainedconstant, OCN expression increasedthroughout differentia­
tion, asdid ALP production (Fig. 3b).Treatmentof confluent lOTl/2 cells for 12 h with menin
antisenseoligonucleotides (AS-oligo) suppressed the expression of endogenousmenin (Fig. 3c).
When thesecellswerestimulatedwith BMP-2, the normal increases in CoIl (Fig. 3d) and ALP
activity (Fig. 3e) and other osteoblastmarkers (Runx2 and OCN) wereantagonized. However,
menin inactivationdid not affectadipogenicmarkers(Fig. 3f) or chondrocyticmarkers induced
by BMP-2.Thesefindings indicatethat menin is a crucialfactor in the commitment of multipo­
tential mesenchymal cellsto the osteoblastlineage.ln the osteoblastic MC3T3 -El cells, menin
expression waswellexpressedat days7 and 14and had declinedat day21, a periodof mineraliza­
tion (Fig.3g). Although AS-oligo treatment suppressed endogenousmenin expression (Fig.3h)
in the MC3T3-El cells, it did not affectBMP-2-inducedALP activity(Fig.3i) or expression of
the other osteoblasticmarkers.

Menin wasco-immunoprecipitatedwith Smadl/5 in ST2 mesenchymal cells and MC3T3-El
cells andinactivation ofmeninantagonized theBMP-2-inducedtranscriptionalactivityofSmadl/5
in ST2 cells, but not MC3T3-El cells."Moreover, meninwasco-immunoprecipitatedwith Runx2
and menin inactivationwith AS-oligo antagonizedRunx2 transcriptionalactivityand the ability
ofRunx2 to stimulateALP activityonlyin ST2 cells but not in MC3T3-El cells. Thesefindings
indicatethat menininteractsphysically andfunctionally with Runx2in uncommittedmesenchymal
stem cells, but not well-differentiated osteoblasts.

Menin and TGF-~Pathway in Osteoblast Differentiation
In osteoblasticMC3T3-El cells, TGF-~ and Smad3negatively regulateRunx2transcriptional

activity (Fig.4a). Menin and Smad3co-immunoprecipitated(Fig. 4b) and the co-expression of
menin and Smad3antagonizedBMP-2-inducedtranscriptionalactivityofSmadl/5 and Runx2.
Menin inactivationwith AS-oligo treatment antagonizedthe Smad3-driven luciferase activityof
the Smad3-response element-containing3TP-Iuxreporter construct (Fig.4c).Thus,the TGF-~/
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Figure 3. Role of meni n in osteob lastogenesis and early osteob last diffe rentiat ion . a) Menin
expression increases over time in 1OT1/2 mesenchymal stem cells treated with BMP-2. b) The
production of alkaline phosphatase (ALP) increases with BMP-2 in a time-dependent manner
in 1OT1/2cells. c) Antisense menin (AS-oligo) treatment inhibits menin expression in confluent
(7 day) cultures of lOTl/2 cells, whereas sense menin (S-oligo) treatment is w ithout effect.
AS-oligo treatment of 1OT1/2 cells specifically antagon izes the BMP-2-induced expression of,
d) colla gen Type I (CO LI) and e) ALP act iv ity, but has no effect on f) adipocyte produ ct ion as
indicated by Oi l red stainin g. g) Men in expression is high initia lly but decl ines as osteobl astic
MC3T3 -E1 cells differentiate. h) AS-oligo treatment of MC 3T3-E1 cells specifi cally inhibits
menin expression but i) in contrast to the effect in 1OTl/2 cells has no effect on BMP-2-induced
ALP activity. For experimental details see reference 38.

Smad3 pathway negatively regulates BMP /SmadllS- and Runx2-induced transcriptional activities
leading to inhibition oflate stage osteoblast differentiation.39

With respect to differentiation ofmature osteoblas ts, menin inactiva tion in MC3T3-El cells
with men in anti sense oligonucleotides affected neither BMP-2-stimulated ALP activit y nor the
expression of Runx2 and OCN.38 Inactivation of men in by stable transfection of an antisense
menin eDNA in MC3T3-El cells increased ALP activity, mineralization and the expression of
CoIl and OCN.

In mesenchymal stem cells, BMP-2 activates Smadl /S and menin interacts with SmadllS
physically and functionally, resulting in increased expression and activation of Runx2 (Fig. Sa).
Moreover, menin interacts with Runx2 physically and functionally, promoting the commitment
ofthe multipotential mesenchymal stem cells to the osteoblast lineage. After commitment to the
osteoblast lineage, the role of meni n changes and it no longer exerts a positive influence on the
BMP-2/SmadllS/Runx2 pathway. Menin is then important for the effects ofTGF-(3-activated
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Figure 4. Role of menin in later osteoblast differentiation . In osteoblastic MC3T3-El cells, a)
Smad3 negatively regulates Runx2 transcript ional acti vity, b) Menin and Smad3 co-immuno­
precipitate and c) menin inact ivation with AS-oli go antagonizes the Smad3-driven luci ferase
activi ty of the Smad3-response-element containing3TP-lux reporter construct. For experimental
detail s see reference 39. In osteoblastic MC3T3-El cell s, JunO enhances differentiation and
d) menin and JunO co-immunoprecip itate. e) JunO overexpression increases the activity of
an AP-l promoter-Iuciferase reporter construct and the activi ty is reduced by cotransfection
of menin . f) Menin overexpression inhibi ts the alkaline phosphatase activi ty (ALP) induced
by JunO. For experimental details see reference 40.

Smad3 in inhibiting the BMP-2/Runx2 cascade (Fig. Sa). BMP- and TGF-~-signaling pathways
may cross-talk via menin.

Menin and JunD in the Osteoblast
JunD is expressed in osteoblasts where it interacts with menin.t?JunD expression increases

gradually dur ing osteoblast differentiation. Stable expression ofJunD enhanced expression of
Runx2 , CoIl , OCN, ALP and mineralization in MC3T3-E1 cells, ind icating thatJunD enhances
osteoblast differentiation. In MC3T3-El cells in which menin expression was reduced by stable
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antisense menin cDNA transfection,JunD levels were increased. WhenJunD and menin sense
constructswere cotransfected in M C3T3-E 1 cells, the proteins co-immunoprecipirated (Fig. 4d).
JunD overexpression increased the activity ofan AP-l promotcr-luciferase reporter construct and
this activity was reduced by cotransfection ofmenin cDNA (Fig. 4e).These findings indicate that
JunD and menin interact both physically and functionally in osteoblasts, Furthermore, menin over­
expression inhibited the ALP activity induced byJunD (Fig. 4f). Taken together, menin suppresses
osteoblast maturation, in part, by inhibiting the differentiation actions ofJunD (Fig. Sb).

Conclusion
Menin plays significant roles in osteoblast differentiation through its complex interaction with

BMP-Runx2, TGF-~ andJunD pathways. Menin interacts with other bone-related factors, such
as retinoblastoma protein, estrogen receptor, Hox and heat shock proteins, insulin-like growth
factor-binding protein-2 and relornerase. t' :" Moreover, menin induces apoptosis in murine em­
bryonic fibroblasts and could potentially be involved in apoptosis ofosteoblasts." In summary,
menin may subserve pleiotropic actions in bone. Since MenI-homozygous null mice are embryonic
lethal, knowledge ofthe in vivo functions ofmen in specifically in bone is lacking. Recent studies
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revealed that tissue-specific MenI deletion in Pax3-or Wntl- expressing neural crestcells leadsto
perinatal death, cleftpalate and other cranialbone defects following defective bone mineraliza­
tion. Moreover, the absence of menin also resulted in defective rib formation." The generation
and analysis of mousestrains in which MenI isspecifically overexpressed in or deletedfrom bone
cellswillbe necessary to further understand the roleof menin in bone development.
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CHAPTER 7

Activin, TGF-B and Menin in Pituitary
Tumorigenesis
Jean-Jacques Lebrun"

Abstract

Pituitary adenomas are common monoclonal neoplasms accounting for approximately
one-fifth ofprimary intracranial tumors. Prolactin-secreting pituitary adenomas (prolac­
tinomas) are the most common form ofpituitary tumors in humans. They are associated

with excessive release ofthe hormone prolactin and increased tumor growth, giving rise to severe
endocrine disorders and serious clinical concerns for the patients. Recent studies indicated that
the activin/TGF-~ family ofgrowth factors plays a prominent role in regulating pituitary tumor
growth and prolactin secretion from anterior pituitary lactotrope cells. Furthermore, these stud­
ies highlighted the tumor suppressor menin and the protein Smads as central regulators of these
biological processes in the pituitary. Alterations in the activin/TGF-~downstream signaling
pathways are critical steps towards tumor formation and progression. Thi s chapter will review
the role and intracellular molecular mechanisms ofaction by which activin , TGF-~, Smads and
menin act in concert to prevent pituitary tumor cell growth and control hormonal synthesis by
the anterior pituitary.

Introduction
The pituitary gland is the primary site of the synthesis, storage and release ofhormones that

playa predominant role within the entire human body and thus careful regulation of these hor­
monallevels is essential to maintain homeostasis.' Pituitary tumors account for 15% to 20% of
clinically diagnosed intracranial tumors. ' Although considered as histologically benign, pituitary
tumors can cause significant morbidity, because of the excessive pituitary hormonal secretion,
critical location and expanding size. Despite a critical improvement in recent technologies such as
imaging and surgical endoscopy, the removal ofpituitary tumors largely depends on the expertise
of the surgeon. The most common type ofpituitary adenomas are prolactinomas, tumors of the
anterior pituitary prolactin-secreting lactorrope cells." Patients with prolactinomas usually pres­
ent amenorrhea, have infertility issues associated with galactorrhea in females and impotence in
males infertiliry.!" Prolactinomas ofien develop sporadically as a monoclonal proliferation bur the
molecular mechanisms underlying the formation ofthese tumors remain largely unknown. Besides
surgical removal of the tumor, medical therapy for prolactinomas are effective in many cases but
usually necessitates long-term treatment with dopamine agonists to normalize prolactin levels.
Recent work from our laboratory shed light on the mechanisms by which activin and TGF-~

regulate prolactin levels and cell growth arrest in lactotrope cells, through the Smad pathway and
the tumor suppressor rnenin. v' Such understandingofthe signaling pathways that regulate pituitary
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hormonal production and cellgrowth mayprovehelpful to open new avenues for future therapies
to combat human pituitary adenomas.

Genetics ofPituitary Adenomas: Role ofMEN1 Mutations
Geneticalterationsplayan important rolein the genesis and progressionofpituitary adenomas.

These alterations mainlyoccur in genescoding for tumor suppressors, oncogenesand transcrip­
tion factors. The initiating event in pituitary adenoma development is primarilydue to mutation
in the stimulatory guanine nucleotide-binding protein (gsp) and MEN1 genes. The progression
event in pituitary adenomasoccurslater in the development of the tumors and usuallyresult from
mutations in p53, ras, retinoblastoma, metastasissuppressornm23 and c-mycgenes,"

Mutations in the gsp and MEN1 genesare critical to the initiation of pituitary tumors. Gsp is
an oncogene that leadsto increasedcAMP production, GH hypersecretionand cellcycleprogres­
sion7·9The tumor suppressorgeneMEN1 isassociatedwith MEN-I syndromeand characterizedby
the occurrenceofanterior pituitary,parathyroidand pancreaticislettumors.'?Eventhough MEN1
gene mutation is usuallyassociatedwith familialpituitary tumors,'? mutation in the MEN1 gene
havealsobeen detected in sporadicpituitary tumors.ll•

12These includeas28%ofACTH secreting
adenomas.P 20% of the nonfunctional adenomas," 15-30%of somatotroph adenomas' S" and
12-14%ofprolacrinornas.P'" Lossofheterozygosity(LOH) at the menin locuswasalsoreported
in anterior pituitary tumors.16

•
17The familialsyndromeMEN 1behavesasan autosomaldominant

trait with reduced penetrance. Germ-line mutation on chromosome llq13 that encodes the tu­
mor suppressor rnenin, is unmasked by a second somatichit on the remainingallele.The human
MEN 1 syndrome phenotype iswellreflectedbythe MEN 1heterozygoustransgenicmicemodel
which developstumors with LOH ofthe wild type chromosome, including 26% ofthese within
the pituitary bythe ageof16months. " Somaticmutations oftheMEN1 genearenot significantly
causativein the tumorigenesisofnon-MEN I-linked sporadicpituitary adenomas.l'v"Indeed,out
of35 sporadicpituitary adenomasofvarioussecretoryphenotypes usedin one study,Poncin et al
found that onlyone tumor out ofthe cohort washomozygotefor a mutation in the closeproximity
ofthe MEN 1 gene promoter." A more recent study,performed in a seriesof tissuesamples from
68 sporadic nonMEN1 pituitary tumor patients further confirmed this and found only one case
to show detectable menin expression, as measured by immunohistochemistry and immunofluo­
rescence." Asmentioned above, pituitary diseaseissignificantlymore frequent in familialMEN I
casesthan in the sporadic form of the disease.12The prevalenceofpituitary adenomas is around
40%in multiple endocrine neoplasiaTypeI patients,with prolactinomasbeingthe most common
type.22,23 In a largestudy,Verges et alcompared the characteristicsof pituitary diseasedevelopedin
324 MEN 1patients with thoseof 110 non-MEN 1patients with pituitary adenomas,matched for
age,yearofdiagnosisand clinicalfollow-up." Forty-twopercent ofthe MEN 1patientsdeveloped
pituitary tumors and interestingly,pituitary diseaseamong the familialMEN 1cases wasfound to
be more frequent than in the sporadicMEN 1cases(59%vs34%respectively). Furthermore, pitu­
itary adenomasweresignificantlylargerand more aggressive in MEN 1casescompared to patients
without MEN 1.Indeed, 85% of these MEN l-related prolactinomasdevelopedmacroadenomas
and one fifth was invasive.23•24 Therapies based on the use of dopamine agonists for these more
aggressive MEN l-related prolactinomas showedlittle or poor response.F-" All typesof mutation
wereobserved, including frameshifis, nonsenses, missenses, germ-lineMEN I encompassinglarge
deletion, stronglysuggestingthe absenceofany phenotype-genotype correlation.

Together, these studies indicate that the MEN1 gene plays a critical role in the initiation
eventoffamilialpituitary adenomas,particularlyprolactinomasand potentially in somesporadic
ACTH-producing tumors, nonfunctional adenomas, somatotroph adenomas and prolacrino­
mas. Despite the significant recent progress obtained in understanding the genetic basis of the
pathogenesis of pituitary adenomas, these studies also highlight the need for further and better
understanding ofthe roleofMEN 1 mutations in the initiation ofpituitary tumors.
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Figure 1. Activin was initially purified from the gonad fluid upon its ability to stimulate pituitary
follicle-stimulating hormone (FSH) release from the gonadotropes. Activin can block secre­
tion of ACTH and growth hormone. In addition, activin also inhibits prolactin synthesis and
expression of the transcription factor Pit-1 aswell ascell growth in normal pituitary lactotrope
and pituitary adenomas such as prolactinomas. Activin (green) and its natural antagonist
inhibin (purple) are produced in both the gonads and pituitary. A color version of this image
is available at www.landesbioscience.com/curie

'The Activin/TGF-B Superfamily
The transforming growth factor-B (TGF-~) family is represented by widespread, evolutionary

conserved polypeptides that regulate growth,differentiation and apoptosis in nearly all cell types."
TGF-~, the prototype ofthe family and its receptors are expressed by every cell rype in the body
and defects in its signaling pathway have been implicated in multiple human disorders including
cancer," Similarly, activin, that was isolated from gonadal fluid27.28 and initially recognized for
its important role in the regulation of the anterior pituitary funcrion." is a critical regulator of
cell growth and hormonal synthesis (Fig. 1).30The antiprollferarive and more recently discovered
pro-apoptotic effects ofactivin have been observed in many different cell types such as erythro­
leukemia," capillary endothelial," immune,33.34 breast cancer,35.37 heparocyre' v? and pituitary?
Truncated activin receptor forms are ofien found in human pituitary adenomas and function as
dominant negative receptors, contributing to pituitary tumorigenesis by blocking the growth in­
hibitory effect ofacnvin.t'The activin/TGF-~signal transduction is primarily mediated through
the canonical Smad pathway (see Chapter 4 for more details). Upon activation, the Smad protein
complex will translocate to the nucleus where it can bind DNA but with a very low affinity.45ln
order to achieve high affinity binding, the Smads associate with various DNA binding partners."
It is thought that these partner proteins which act as co-activators or corepressors are functionally
expressed in different cell types, thus providing a basis for tissue and cell type specific functions for
TGF-~ ligands.47.48 Missense mutations within the carboxyl terminal effector domain ofSmad2
and Smad4 have been found in numerous cancers such as pancreatic,49.50biliary track." colon,52.54
lung ," head and neck'" and liver57 carcinomas, consistent with a role for activin and TGF~ as
tumor suppressor.



72 SuperMEN]: Pituitary, Parathyroid and Pancreas

Table 1. Biological functions of members of the activinflCF-p family in the anterior
pituitary

Biological Functions

'YGH 66

'YACTH66

ASmad?69

AFoil istatin7o

'YProlact inS

'YPit-160

'YCell growth'

AMenins

Anterior Pituitary Cell Types

Gonadotropes

Somatotropes

Corticotropes

Gonadotropes
Somatotropes

Corticotropes

Lactotropes

Gonadotropes

Lactotropes

Lactotropes

Lactotropes

Lactotropes

Shared Effects from Other
Members of the Family

ABMP15 67

'Ylnhibin68

'YTGF-~71

'YTGF-~60

'YTGF-~4

ATGF-~4

Activin and other members of the TGF-~ family upregulate ('Yl or downregulate (Al expression of
various factors in the different cell types of the anterior pituitary gland. Oppos ite effect between
activin and another family member reflects an antagonism between the two growth factors while
similar effect reflects synergistic or additive effects between the two members.

Activin/TGF-B in the Pituitary
Pituitary gland function iscontrolled bya largearrayofhormones and growth factors.Activin

and TGF-/3 regulate the secretion ofa variety of endocrine products" and play an important role
in regulating anterior pituitary gland function (Table 1). The pituitary action ofactivin is not re­
stricted to gonadotropes and activin alsomodulates the function of other pituitary cell types such
asthe somatotropes and lactotropes. In addition to stimulatingFSH releasefrom the gonadotropes,
activin inhibits basal growth hormone and adrenocorticotropin secretion." Finally, activin also
inhibits expressionofthe transcription factor Pit-I in pituitary cells'"and actsasa negativeregulator
ofprolactin expression and secretion in primary pituitary cellsand prolactinomas.V'' Consistent
with the critical roleof activinin cellgrowth regulation,alterations ofthe activinsignalingpathway,
resulting from mutation or truncation of the activin receptors, are associatedwith human tumors
such as pituitary adenomas.62•63 Indeed, previous work indicated that clinicallynonfunctioning
pituitary tumors often expressalternatelysplicedactivin receptor isoforms'"that act assuppressors
ofthe activin signalingpathway/" Expression screening for such isoforms in tumor samplesfrom
patients with prolactinomas did not reveal the presence of abnormal forms for either the Type I
or Type II activin receptor. However, it ispossible that inactivating alterations of the other down­
stream components of the activin signalingpathway in human prolactinomas may contribute to
tumorigenesis by blocking activin-induced growth arrest and prolactin gene repression.

Activin Inhibits Prolactin Gene Expression and Signalling
The role of activin on prolactin gene expressionwasalsocharacterized in rat somatolactotrope

GH4C1cells. Prolactin mRNA and protein levelsweremarkedlyreduced afteractivin treatment.?
Eventhough wefound that part ofthe activin inhibitory effectson prolactin gene expressionwere
due to down-regulation of the transcription factor Pit-1,60 we also showed that activin directly
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regulates prolactin expression at the tr anscriptional level and exerts a st rong inhibition of both
the rat and human gene promoter activities,' The responsive activin DNA binding elements ofthe
human prolactin gene promoter were further mapped to the region of th e promoter proximal to
the start site.' Interestingly,we recently ident ified a novel regulatory crosstalk mec hanism by which
activin/TGF-~-inducedSmad signalin g acts to antagonize prolactin-mediated signaling and target
genes expression ." Thus, activin/TGF-~ exerts a tight control on prolactin signal transduction by
both blocking prolactin expression and antagonizing its downstream signaling cascades.

Menin Inactivation
Twen ty-six percent ofmice heterozygous for deletion oftheMEN1gene develop large pituitary

tumors by 16 months ofage.18Interestingly,while the homozygous deletion ofMEN1 is embryonic
lethal (at mid-gestation with defects in multiple organs), theMENI heterozygous knockout mice
are alive but develop endocrine tumors during their lifetime similar to human MEN 1patients.18.73.74
Interestingly, inactivation of menin through different antisense technologies (eD N A antisense,
oligonucleotide antisense and siRNA) blocks activin and TGF-~ signaling in the pituitary and
resulted in an increased expres sion of the hormone prolactin and transcription factor Pit-I as
well as a loss of pituitary cell growth inhibition by activin." Similarly, overexpression of menin,
the product of the MEN1 gene, lead s to reduced prolactin expression." Moreover, menin physi­
cally interacts with Smad3 in lactotrope cells.5.76Thus, menin appears as a novel activin/TGF-~
downstream signaling effector molecule and its inactivation leads to th e lossof activin andTGF-~
responses in the pituitary gland (Fig. 2).

Loss ofMenin Inhibits TGF-B Induced Transcriptional Activity
The first evidence of the involvement of menin in the TGF~ signaling pathway came from

experiments using various st rategies to block menin exp ression in the rat anterior sornarolacto ­
trope GH4C1 cell line," GH4C1 cells are highly differentiated neuroendocrin e cells that retain
the capacity to synthesize and secrete growth hormone and prolactin in a hormone-regulated
manner":" Th is cell lin e was established fro m rat pituitary tumor cells and is widely used as an
in vitro model of pituitary tumors.5.60.79.80 Interestingly, overexpression of an an tisense menin
eDNA in these cells antagonized the normal inhibitory effect of T GFB on cell proliferation and
cell viability assays." Furthermore, TGF-~ transcriptional activi ty was also blocked as antisense
menin expression markedly reduce d TGF-~-responsive gene promoter activi ty,"Th e specificity of
the response was demonstrated by the restoration of transcriptional activity with cotransfection
of increasing am ounts ofa sense men in construct."

Menin Interacts with Smad Proteins
Considering the fact that menin is required for TGF-~ signaling and that Smad signaling mo st

ofien req uires the recruitment and association ofSmad2 and Smad3 with co-activators or corepres­
sors of transcription, it became evident th at menin could be a candidate Smad-interacring partner.
Indeed, we further demonstrated using co-immunopreclpitarion experim ents that menin could
specifi cally interact with Smad3 but not Smad2 or Smad-i,"The interaction was further shown to
be di rect , using GST-Smad3 pull-down assays with in vitro transcribed/translated full-length and
deletion mutants ofmenin. Further mapping studies will precisely localize the interacting regions in
both proteins. Interestingly, this study not only highlights men in a novel Smad-interacting partner
but also indicates that Smad2 and Smad3 signaling may differ in the anterior p ituitary. Menin was
later shown to interact with the bone morphogenetic protein (BM P) -regulate d Smads ." Thus,
men in appears a central regulator ofSmad signaling relaying th e signal tran sdu ction pathways of
various TGF-~ fam ily members (Fig. 2).
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Figure 2. Activin/TGF-~ signal transduction : Activin/TGF-~ binding to a serine kinase Type II
receptor is followed by recruitment and transphosphorylation of the Type I receptor, thereby
activating its kinase activ ity which then recruits and phosphorylates the Smads. In pituitary
adenoma cells the Smadcomplex recruits the tumor suppressor menin to inhib it cell growth,
in the Gl phase of the cell cycle and to repress prolactin expression. Expression of menin
itself is upregulated by activin/TGF-~ and Smad signaling, thus menin acts in a positive
feedback loop manner.

Smads and Menin Are Required for Activin-Mediated Cell Growth
Inhibition and Repression ofProlactin Gene Expression

The requirement ofthe canonical Smad pathway was demonstrated using overexpression ofthe
inhibitory Smad7 which resulted in a complete reversal ofactivin-induced prolactin inh ibition.
Furthermore. overexpression oftwo dominant-negative forms ofSmad2 (~NSmad2)and Smad3
(~NSmad3) in which the two C -terminal serine residues. the target of Smad phosphorylation
by the Type I receptor. are mutated to alanine 82•83 also led to reversal of the activin effects.5The

Smads usually act by recruiting co-activators or corepressors to mediate their transcriptional ef­
fects. Pleiades ofSmad-interacting molecules have been identified. often in cell and tissue specific
manner. As mentioned above. menin is a Smad3-interacting partner that is required to mediate



Actioin, TGF-flandMenin in Pituitary Tumorigenesis 75

TGF-~ signaling in pituitary cells." Moreover, overexpression ofmenin in pituitary cells inhibits
prolactin gene expression" and, as illustrated in Figure 2, our group recently found that menin is
also required for activin to repress prolactin expression.SIndeed, reducing menin expression levels
using different siRNAs corresponding to the rat MEN1gene is sufficient to blockactivin-rnediated
prolactin inhibition,demonstrating the critical role played by menin in activin signal transduction
in anterior pituitary cells.' Activin, like TGF-~, is known to induce growth inhibition ofepithelial,
endothelial, lymphoid and hematopoietic cells. Both activin and TGF-~ efficiently reduce cell
growth ofGH4Cliactotrope cells and that these effects were also strictly dependent on menin,
as blocking menin expression resulted in the loss ofgrowth inhibitory signals by both activin and
TGF-~.4.S These data demonstrate that activin acts asa potent pituitary tumor cell growth inhibi­
tor and that this effect requires the tumor suppressor menin.

Conclusion
Menin plays an important role in supporting activin, TGF-~ and Smad3 transcriptional

control of cell growth and hormonal synthesis and reduced menin expression disrupts activin/
TGF-~-mediated prolactin expression and pituitary tumor cell growth inhibition. As mentioned
earlier, Smad proteins often recruit co-activators but also corepressors oftranscription such as the
oncoproteins Ski and SnoN, to mediate their effects. It is therefore conceivable that menin prevents
Smad association with such Smad transcriptional corepressors.i-" In such a model menin would
act by blocking the effect ofthese corepressors, thereby facilitating activin and TGF-~-mediated

inhibition ofcell growth and prolactin expression . Pituitary adenomas are common, but in contrast
to sporadic parathyroid and enteropancreatic tumors, mutation ofthe MEN1gene is not a major
contributor to sporadic pituitary tumorigenesis. However, variable and decreased expression of
the menin protein was noted in a series ofsporadic pituitary adenomas.21Therefore, it is likely that
reduced menin expression is contributing to the more common sporadic pituitary tumorigenesis.
Interestingly, it was also recently discovered that both activin and TGF-~ could stimulate menin
expression in a rapid and dose-dependent manner.v' thus suggesting that menin could act in a
positive feedback loop manner downstream ofthese growth factor receptors (Fig. 2). The transcrip ­
tional machinery by which activin/TGF-~regulates menin expression remains to be elucidated
and future studies using the menin gene promoter will undoubtedly be insightful.

In summary, these studies shed light on the mechanisms by which activin and TGF-~ regulate
hormone expression and cell growth arrest in the anterior pituitary, through the Smad pathway and
the tumor suppressor menin. Further detailed understandingofhow menin blocks Smad signaling,
identification ofthe transcriptional machinery bywhich activin /TGF-13 up-regulate menin protein
levels and development ofnew drugs that will mimic menin and Smad signaling in the pituitary
will be helpful to offer new treatment avenues for patients with pituitary adenomas.
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CHAPTERS

The Role ofMenin in Parathyroid
Tumorigenesis
Colin Davenport and Amar Agha*

Abstract

Primaryhyperparathyroidism isacommondisorderthat involves thepathological enlargement
ofone or moreparathyroid glandsresulting in excessive productionof parathyroidhormone
(PTH).Theexactpathogenesis of thisdisease remains to be fullyunderstood. In recentyears

interesthasfocussed on the interactionbetweenmeninproteinand the transforming growthfactor
(TGF)-~/Smad signalling pathway. In vitroexperimentation hasdemonstratedthat the presence of
meninisrequiredforTGF-~ toeffectively inhibitparathyroid cellproliferation andPTH production.
Thisobservation correlateswiththealmostuniversaloccurrenceofparathyroid tumorsaccompanying
the inactivation of menin in multipleendocrine neoplasiaType1(MEN 1)syndrome and the high
rate of somatic menin gene mutationsseen in sporadicparathyroidadenomas. This chapter aims
to review the roleof menin in primaryhyperparathyroidism and parathyroidhormone-regulation,
includingthe influences ofMEN1 genemutationson parathyroidcellproliferation,differentiation
and tumorigenesis.

Introduction
Primaryhyperparathyroidism isthe commonestcause ofhypercalcemia in the outpatientpopu­

lation, with an incidenceof approximately25 per 100,000.' It is typicallya disease of the middle
aged to elderlyand women are affectedfour times more commonly than men. The majorityof
cases are causedbysporadicenlargementofa single parathyroidgland (80-85%). Multi-glandular
involvementoccursin suchfamilial syndromes asmultipleendocrineneoplasia(MEN) syndrome
(Type I or IIa), familial isolatedhyperparathyroidism (FIHP), hyperparathyroidism jaw tumor
syndromeand familialhypocalciuric hypercalcemia (Table 1).2

To date, a number of genesand their protein products havebeen implicated in the process of
parathyroid tumorigenesis. Theseinclude activationof the proto-oncogenecyclinDl,' somatic
mutationsof mitochondrialdeoxyribonucleic acid(millNA)4and the loss of thechromosome13q
fragment.' Despite ongoing investigation into these and other proposed mechanisms, the exact
molecular pathogenesis remainsunclear. However, in recentyears much research has focused on
the roleof the menin protein in the developmentof parathyroid tumors, which has significantly
added to our understandingof their origin and willbe the subjectof discussion in this chapter.

The MEN} Gene
The MEN1 gene is located on chromosome 11q136 and consists of 10 exons that encode a

protein namedmenin. This61G-amino acidprotein residesprimarilyin the nucleusand interacts

'Corresponding Autho r: Amar Agha-Academic Department of Endocrinol ogy, Beaumont
Hospital and Royal College of Surgeons in Ireland Med ical School, Beaumont Road, Dublin 9,
Ireland. Email : arnaraghae beaumont.le

SuperMEN1: Pituitary, Parathyroid and Pancreas, edited by Karalin Baloghand Anila Parocs,
©2009 Landes Bioscience and SpringerScience+BusinessMedia.
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with several transcription regulators such as JunD,NF-KB and the Smad family of proteins. In
doing so, menin exerts a potent tumor suppressor effect on several endocrine tissues. Individuals
who have a germline inactivating mutation ofthis gene develop MEN1 syndrome. In accordance
with Knudson's two-hit hypothesis, the germlineMEN1 mutations combine with acquired somatic
mutations ofthe second copy ofMEN] (Fig. 1). This leads to monoclonal expansion and multiple
neoplasia arising in such organs as the pituitary, parathyroids and the endocrine pancreas among
others in an autosomal dominant manner. Of all these endocrinopathies, hyperparathyroidism
is the commonest manifestation of the syndrome, with a typical age ofonset of20-25 years and
an almost 100% penetrance by age 50.7 MEN] patients generally develop adenomas arising from
three or even all four glands.

In addition to MEN1 syndrome, when sporadic parathyroid adenomas are subjected to ge­
netic analysis, a significant percentage will demonstrate acquired biallelic inactivating mutations
of the MEN] gene, as has been demonstrated by Heppner et al8-9 Still more of these sporadic
cases demonstrate other mutations in the llq region which may have detrimental effects on the
function of the MEN] gene that have yet to be elucidated." Thus it has been suggested that loss

r~adiC~~~
fit 0Germline'(J Mutation

fit 0Acquired
~n 5anatk:
U+MJtatlon

'" ~EarIYbiallelic loss
'(J '(j ofMEN1Qene

O0AcQUiredn Somatic
u~ion

®0AcqJred
n4:-..~tiC
~"' MUtation

~ '" Late biallelic loss
'(j ~ ofMEN 1Qene

---.II
Figure 1. Parathyroid tumorigenesis.
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ofmenin may playa vital role in a significant percentage ofparathyroid tumors. In this chapter,
we will focus on the genetics ofMEN1 mutations, the mechanism by which menin exerts its
tumor suppressor effect and the development ofparathyroid tumors and hyperparathyroidism as
a consequence ofits inactivation.

MEN} Related Mutations and Menin Expression in Hereditary
and Sporadic Hyperparathyroidism (Genotype-Phenotype
Correlation)

Since the sequencingoftheMEN1 gene in 1997, there have been 1,133 germline mutations
identified. These consist of23% nonsense mutations, 9% splice site mutations, 41% frameshifi:dele­
tions or insertions, 6% in-frame deletions or insertions, 20% missense mutations and 1% whole or
partial gene deletions. In a recent reviewofall identified mutations by Lemos et al, severalmutations
were found to recur in apparently unrelated kindreds, thereby indicating potential mutational hot
spots for the syndrome." The authors noted that mutations at four sites accounted for 12.3% ofall
mutations (c.249_252delGTCT, deletion at codons 83-84; c.1546_1547insC, insertion at codon
516; c.l378C4T (Arg460Ter); and c.628_631delACAG, deletion at codons 210-211).

However, establishing precise genotype-phenotype correlations in any of these patient popu­
lations has, to date, proven difficult. For example, FIHP has a phenotype distinct from MEN1
syndrome and also displays a significantly increased percentage ofmissense mutations (38% versus
20%, p < 0.01) when compared to the latter condition. Furthermore, the Burin variant ofMEN1
(frequent occurrence ofprolactinomas), first noted in four kindreds in Newfoundland, has been
associated with specific nonsense mutations (Tyr312Ter and Arg460Ter) and aTasmanian variant
characterized by an absence ofsomatotrophinomas has been linked to a specificsplice site mutation
(c.446- 3C4G). However, the unequivocal presence ofprotein truncating mutations and deletions
in some FIHP patients, which are identical to those observed in MEN1 patients, argue against a
simple genotype-phenotype correlation and suggest a more complex relationship. Thus, while some
subtypes ofMEN1 do display distinct phenotypes, the use ofgenoryping to predict phenotypic
expression in the majority ofindividuals with MEN! is not yet possible.

With regards to sporadic hyperparathyroidism, as shown by Heppner et al, at least 20% ofspo­
radic parathyroid tumors will demonstrate biallelic inactivating somatic mutations ofthe MEN1
gene," and over 200 different somatic mutations ofMEN1 have been identified in these tumors.
18% ofthese are nonsense mutations, 40% are frameshifi deletions or insertions, 6% are in-frame
deletions or insertions, 7% are splice-site mutations and 29% are missense mutations. Interestingly,
when comparing the common locations ofsomatic versus germline mutations, a higher frequency
of somatic mutations in exon 2 (39 versus 23%, p < 0.001) has been found, but the significance
of this difference remains unclear.

While 20% ofsporadic parathyroid adenomas have demonstrable inactivating mutations, up
to 38% show loss ofheterozygosity (LOH) of 11q13, with the additional 18% possibly carrying
mutations that are not screened for, such as promoter or intron alterations (although as LOH at
11q13 only occurs in 38% ofcases, other genes apart from MEN1 are likely to playa significant
role in tumorigenesis in this group). In addition to this population, it is notable that between
10-30% ofpatients with an MEN1 phenotype will fail to show demonstrable germline mutations
in the coding regions or adjacent splice sites ofMEN1. These patients may also possess promoter
or intron mutations that are not identifiable by the present analytical methods." One potential
method for identifying a decrease in MEN1 function in this patient population is by assessing
menin expression in parathyroid tissue and to date a limited amount ofdata has emerged regard­
ing this approach.

In 2000, Bhuiyan et al used RT-PCR and western blotting techniques to compare menin
expression in parathyroid tumors from MEN 1, primary hyperparathyroidism and secondary
hyperparathyroidism patient populations." The authors found a similar level of menin expres­
sion in tumors from patients with primary and secondary hyperparathyroidism. As reviewed
later in this chapter, one would not expect a reduction in menin expression in secondary
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hyperparathyroidism, but a significant percentage ofprimary hyperparathyroid patientswould be
expected to demonstrate loss ofmenin expression. The findings in this study may be explained by
the fact that no somatic mutations were identified in the primaryhyperparathyroidism cohort used.
The authors also found a similar level ofmenin expression in primary hyperparathyroid patients
compared to MEN1patients with missensemutations and a significantly low expressionofMEN1
in patients with nonsense or delet ion mutations. Applying these findings to an MEN1phenotype
patient with no identifiable germline mutation, Naito et al demonstrated a significantly reduced
expression ofmenin in the parathyroid tissue and a reduced responsiveness to the inhibitory effects
ofTGF·~.12Thus, depending on the MEN1mutation, differences in menin expression may serve
to identify true MEN1patients in which a germline mutation cannot be found.

TGF-~/Smad3 Signalling
When TGF-~ arrives at the cellular membrane, it binds to and activates the Type II serine/

threonine kinase receptor. Once activated , this receptor-ligand complex leads to phosphorylation
ofthe Type I receptor, which phosphorylares in turn Smad2 and Smad3. Phosphorylated Smad2
or Smad3 then associates with Smad4 and the resultant complex translocates into the nucleus.
Once in the nucleus, the Smad complex binds to promoter elements to up- or down regulate
transcriptional activity," As the dominant influence of the TGF-~ pathway is the inhibition of
cellgrowth, such as in parathyroid cells,disruption ofany aspect ofthe above pathway may permit
inappropriate cellgrowth and consequent neoplasia development. A comprehensive reviewofthis
pathway is available in Chapter 4.

Menin and TGF-~ Signalling
The role of menin in the TGF-~ pathway was first explored by Kaji et al in 2001. 15 Using a

human hepatoma cell line and antisense menin transfection, it was demonstrated that reduction
in menin expression on immunoblotting was associated with a significant reduction in TGF-~

induced transcriptional activity. The specific point ofinteraction between menin and the TGF-~
pathway was then investigated further using co-immunoprecipitation analyseson monke y-kidney
and hamster-ovary cells. A functional interaction between menin and Smad3. but not Smad 2
or 4, was demonstrated and the absence of menin did not reduce the formation of the Smad3/
Smad4 complex or its translocation to the nucleus.Taken together, this information indicated that
the area of interest lay in the actual binding ofSmad3 (as part of the Smad3/Smad4 complex) to
DNA. Accordingly, levelsofthe Smad3/DNA complex were significantly reduced in rat anterior
pituitary cells when menin production was blocked. Thus it is felt that the tumor suppressive
effect ofmenin occurs via facilitation ofSmad3/DNA binding, which is necessary for successful
activation of the TGF-~ pathway. (Table 2)

With the above findings derived from a variety ofdifferent cell lines, both human and animal,
replication of the data using human parathyroid tissue was necessary to extend the hypothesis
to primary hyperparathyroidism. To thi s end , Sowa et al took parathyroid tissue from uremic
patients with secondary hyperparathyroidism in order to assess its proliferative and endocrine
responses to TGF-~ adminisrrarion.! '' Menin inactivation was accomplished with the use of
antisense menin oligonucleotides. The first finding of note was that administration ofTGF-~

diminished markers of cellular proliferation, including thymidine incorporation into the para­
thyroid cells, 3-(4,S-Dimethylthiazol-2-yl)-2,S-diphenyltetrazolium Bromide (MT T ) dye assay
and immunoblot and immunocytochemical analysesofproliferating cell nuclear antigen (PCNA)
expression. This observed effect confirmed the role ofTGF-~ as an inhibitor of cellular growth
in parathyroid endocrine tissue. When menin was inactivated, this inhibitory effect was lost and
cellular proliferation, as measured by the above markers, proceeded unimpeded. This study also
assessed tissue parathyroid hormone (PTH) expression and PTH levels in the cell culture and
with menin intact,TGF-~ produced a significant reduction in both measuresofPTH production.
With menin inactivated, an actual increase in the basal levels of PTH expression and secretion
was noted despite TGF-~ administration. Finally, tissue from a parathyroid adenoma in a patient
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with MEN1 syndromewassampledand TGF-~ wasadded. In this case, with menin effectively
absent at the onset of the experiment, the inhibitory cytokinehad no effecton cellularprolifera­
tion or PTH production.

Following on from the abovefindings, the Smad3geneand protein havebecomethe focusof
additional research into parathyroidtumorigenesis.TheSmad3genehasbeenlocalised to chromo­
some15qand asignificant numberofparathyroidtumors haveshownlossofheterozygosity in the
region closeto this locus." Howeverno specific acquired mutation has been identifiedin these
tumors to date. Interestingly, a link betweenSmad3and vitamin D has been demonstrated,with
Smad3alsoactingasa transcriptionalco-activatorof the latterhormone'srecepror." '" Thusit may
be hypothesisedthat lossof Smad3function maybe associated with lossof vitamin D mediated
inhibition of parathyroidfunction.

Other Forms ofParathyroid Tumorigenesis
Physiologically appropriate hyperparathyroidism, such as that occurring secondary to hy­

pocalcemia, can gain autonomy and become independent of physiological stimuli. If this event
occurs,the resultantdisorder is termed refractorysecondaryhyperparathyroidism.Initiallyit was
felt that this progression represented a polyclonal response to generalized growth stimuli, but
in studies looking at X-chromosome inactivationin uremicpatients with hyperparathyroidism,
a 64% incidenceof monoclonalitywas demonstrated.'? The impaired capacity for DNA repair
demonstrated in patientswith chronicrenalfailurehasbeenventuredasone potential reasonfor
the emergence of these monoclonal celllines." Menin, however, appearsto playa minor role, if
any, in this cohort. When Shanet al analysed 20 patientswith uremiaand refractoryparathyroid
hyperplasia, they found a75%incidenceof monoclonality, but no mutations in the MEN] gene
locus." Ultimately, although some cases of MEN] deletion have been described in secondary
hyperplasia, loss of functioning menin does not appear to play an important role in the early
stages of this disorder.22.23

With regards to parathyroidcarcinoma,traditionally this tumor has not been consideredas
part of the MEN1 syndrome. Instead, a high incidenceof inactivating mutations of the HRPT2
gene,a component of hyperparathyroidism jawtumor syndrome,hasbeen identified." However,
in recentyearsa small numberofcasereportshavedescribedpatientspresentingwith parathyroid
malignanciesin conjunctionwiththeclinical features ofMEN1syndrome.P:" Additionally, in2007
Havenet alanalysed 23 cases of sporadicparathyroidcarcinoma for somaticMEN1mutationsand
found missense or frameshifi mutations in 3/23 (13%).24Thesecasereports and clinicalresearch
indicate that parathyroidcarcinomacan occur,albeit rarely,in the context of MEN1syndrome.

Conclusion
Theobservedinteractionsof menin,TGF-~ and Smad3providea convincingexplanation for

the association between menin deficiency and the development of parathyroid adenomas and
hyperparathyroidism. Menin appearsto exertits tumor suppressor effectbyan important facilita­
tiverolein theTGF-~ signalling pathwaywhich, ifactivatedsuccessfully, inhibitsparathyroidcell
proliferationand PTH production. While lossof menin isan integralpart of the familial MEN1
syndrome, the far more common condition of sporadicparathyroidadenomashasbeen linked to
acquiredmutationsin the meningenein manycases. Morerecently, a tentativelink betweenmenin
and parathyroidcarcinomahasbeen demonstratedfor the first time. However, it remains unclear
why deficiency in menin leadsto endocrine-specific tumors. Future research into the pathogen­
esisof parathyroidneoplasiais needed to clarifythe placeand timingofMEN1 mutations in the
progression from hyperplasia, to adenomaand possibly to carcinomain a subsetof cases.
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CHAPTER 9

Role ofMenin in Neuroendocrine
Tumorigenesis
Terry C. Lairmore" and Herbert Chen

Abstract

T he menin protein encoded by theMENl tumor suppressor gene is ubiquitously expressed
and highly conserved evolutionarily. The combination of findings from current in vitro
and in vivo studies has not yielded a comprehensive understanding of the mechanisms

of menin's tumor suppressor activity or the specific role for menin in endocrine tumorigenesis,
alth ough its diverse interactions suggest possible pivotal roles in transcriptional regulation, DNA
processing and repa ir and cytoskeleral integrity. This manuscript summarizes recent research
findings including studies ofglobal gene expression in MEN I-associated neuroendocrine tumors
and pivotal changes in intracellular signaling pathways associated with neuroendocrine tumori­
genesis. Finally, the clinical applications provided by the understanding of the effects ofMENl
gene mutations on neuroendocrine tumor development in patients with this familial cancer
syndrome are discussed.

Introduction
Expression ofthe menin mRNA transcript can be demonstrated in most endocrine and nonen­

docrine tissues. Despite this ubiquitous expression, comparison ofthe menin protein sequence to
available databases reveals no significant homology to other known protein families. The murine
Menl gene demonstrates 98% homology'<to the human gene sequence. Knockout ofboth Menl
alleles in mice results in embryonic Iethaliry,' suggesting that menin may have a broader role in
the regulation ofcell growth that is not limited to the endocrine tissues affected in patients with
MEN I syndrome. Heterozygous Menl:': mice demonstrate somatic loss ofthe wild type Menl
allele in tumors' and develop a pattern ofendocrine tumor formation similar to th ose observed
in human MEN I syndrome. Menin is predominately a nuclear protein" that binds to junl), a
member of the AP-I transcription factor family, and represses ]unD mediated transcription.t"
In addition, menin has been shown to physically interact with a diverse variety ofother proteins
including transcription factors, DNA processing factors, DNA repair proteins and cytoskeletal
proteins (Smad3, NF-K-~, nm23, Pem, FANCD2, RPA2, ASK and others),7·13The combination
of find ings from all current studies has not yielded a clear picture of the mechanisms of rnenins
tumor suppressor activity or the specific role for menin in endocrine tumorigenesis, alth ough its
diverse interactions suggest possible pivotal roles in transcriptional regulation, DNA processing
and repair and cytoskeletal integrity.

Previous studies have not focused specifically on neuroendocrine cells. However in other in
vitro systems, some ofthe effects ofmenin have been elucidated. Overexpression ofmenin has been
shown to diminish the tumorigenic phenotype ofRas-transformed NIH-3T3 cells,consistent with
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its putative tumor suppressor function." In addition, studies have suggested a possible role for menin
in repressing telomerase activity in somatic cells, perhaps explaining in parr its rumor suppressor
properties." Menin has most recently been shown to regulate transcription in differentiated cellsby
associating with and modulating the histone methyltransferase activity ofa nuclear protein complex
to activate specific gene expression, including the cyclin-dependent kinase (CDK) inhibitorsp2JlGpl

andp18Inlt*,16-18as well as other cell cycle regulators (reviewed in detail by Lairmore 19).
Recent work has suggested that menin facilitates transcription ofcell cycle regulators essential

for normal endocrine cell growth control by promotinghistone modifications within specific gene
promoters.This suggests that menin may mediate its tumor suppressor action by regulatinghistone
methylation in promoters ofHOX genes and/orp18Inl:*,p27ipl and possibly other CDK inhibi­
tors .The MLL (mixed-lineage leukemia) protein is a histone methyltransferase mutated in subsets
ofacute leukemia. Recent evidence has been provided that the menin tumor suppressor protein
is an essential oncogenic cofactor for MLL-associated leukernogenesis.e" In neuroendocrine
cells, wild-type menin interacts with MLL to promote expression ofantiproliferative (p18, p21)
CDK inhibitors, possibly representing a central role in menins tumor suppressor activity. Using
genome-wide chromatin immunoprecipitation coupled with microarray analysis, it has also been
recently demonstrated that menin frequently colocalizes with a protein complex that modifies
chromatin structure and may also bind to many other promoters by an alternative mechanism."
Allelic loss ofthe murineMen1 tumor suppressor in vitro in mouse embryonic fibroblasts acceler­
ates cell cycle GO/G1 to S-phase transition and in vivo in a model in which floxedMen1 alleles can
be excised in a temporally controlled manner,directly enhances pancreatic islet cell proliferation."
Nonetheless, the comprehensive interactions ofmenin as a tumor suppressor gene and its specific
roles in tumorigenesis are complex and have not been completely elucidated to date . This recent
work has shed some light on potential critical roles ofmenin in neuroendocrine tumorigenesis.

Global Gene Expression in Normal Islet Cells versus
MEN I-Associated Neuroendocrine Tumors

Our workgroup performed a global gene expression analysis of8 islet cell tumors arising in 6
patients with the MEN 1 syndrome and compared the expressed gene levels with those obtained
from 4 normal islet cell preparations." This study represents the first analysis ofglobal gene expres­
sion in MEN l -associated islet cell tumors. We used the Affymetrix U9SAv2 chip, and a subset of
11 differentially expressed genes were validated by quantitative RT-RCR. Hierarchical clustering
using all data separated the neoplastic group from the normal islets and within the tumor group
those ofthe same functional type were mostly clustered together.

There were 193 genes differentially expressed (forty-five increased and 148 decreased) by at
least 2-fold (p < = 0.005) in tumors relative to the normal islets. One hundred and four of the
genes could be classified as being involved in cell growth, cell death, or signal transduction. In
addition, the clustering analysis revealed 19 apoptosis-related genes that were under-expressed
in tumors suggesting that these genes may play crucial roles in tumorigenesis in this syndrome.
We identified a number of genes that are attractive candidates for further investigation into
the mechanisms by which menin loss causes tumors in pancreatic islets. Of particular interest
are the following : FGF9 which may stimulate the growth ofprostrate cancer, brain cancer and
endometrium; and IER3 (lEX-I), PHLDA2 (TSSC3) , lAPP (amylin) and SST,all involved in
apoptosis. IER3 (IEX-1) is regulated by several transcription factors and may have positive or
negative effects on cell growth and apoptosis depending upon the cell-specific context .P Several
studies have shown that it can be a promoter ofapopeosis .r' PHLDA2 (TSSC3) is an imprinted
gene homologous to the murine TDAGS 1apoptosis-related gene" and may be involved in human
brain tumors.i" lAPP (amylin) is a gene that has contrasting activities and has been associated
with exper imental diabetes in rodents." Amylin deposits were increased in islet ofpatients with
gastrectomy-induced islet atrophy." On the other hand, exposure ofrat embryonic islets to amylin
results in ~ cell proliferation.i?In contrast, amylin has been shown to induce apoptosis in rat and
human insulinoma cells in vitro.3o

•
31
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Maitra et aP2 conducted a study that in many ways was similar to ours . They compared gene
expression profiles ofa series ofsporadic pancreatic endocrine tumors with isolated normal islets,
using the Affymetrix U133A chip. There was no overlap in genes they identified (having a three-fold
or greater difference in expression) with the genes we identified (having a two-fold or greater
difference in expression). This is quite surprising and ifwe don't take into account the different
experimental settings, it might suggest that sporadically arising tumors have a quite different gene
expression pattern than tumors arising as a result ofmenin loss offunction.

A direct relationship between loss of menin function and any of the genes identified by this
study" could not be established by this methodology. However, there were some genes, which
because oftheir association with growth or apoptosis are ofspecial interest. The general suppression
ofapoptosis related genes noted in our study (Fig. 1)has been highlighted by the recent study of
Schnepp ecal,33 who showed that the loss ofmenin it was followed by suppression ofapoptosis in
murine embryonic fibroblast through a caspase-8 mechanism.

Recently, other studies ofglobal gene expression in pancreatic islets have been performed.32,34-36

Cardozo et al37have used microarrays to look for NF-KB dependent genes in primary cultures of
rat pancreatic islets. Shalev et aP8have measured global gene expression in purified human islets in
tissue culture under high and low glucose concentrations. They noted that the TGF~ superfamily
member prostate derived factor (PDF) was down regulated by lO-fold in the presence ofglucose,
whereas other TGF~ superfamily members were up regulated. In the current study, none of the
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Figure 1. Clustering of apoptosis-related gene expression from MEN1-associated neuroen­
docrine tumors (T) and normal (N) islet cells by microarray analysis. Pink indicates strong,
white indicates moderate and blue indicates weak expression. (Reproduced with permission
from : Dilley WG et al. Mol Cancer 2005 ; 4(1):9;22). A color version of this image is available
at www.landesbioscience.com/curie.
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TGF~ superfamily members were significantly different between neoplastic and normal cells.
Scearce et al35have used a pancreasc-specific micro-chip, the PanChip to analyze gene expression
patterns in embryonic day 14.5 to adult mice. Only a few specific genes were noted and none of
them had human homologs.

Taking these data together, a diverse variety of genes have been shown to be differentially
expressed in neuroendocrine tumors associated to MEN1 syndrome, as compared with normal
human islet cells. Further investigations into the mechanisms by which menin loss causes tumors
in pancreatic islets are needed.

Signaling Pathways in Neuroendocrine Tumors
Many signaling pathways, such as the phosphatidyl-inositol 3-kinase (PI3K)/Akt, mitogen

activated protein kinases (MAPKs), (Fig. 2) and Norch l/Hairy Enhancer ofSplit-I (HES-l)/
achaete -scute complex like-I (ASCLl) signalingpathway (Fig.3), havebeen recently shown to play
important roles in regulating the growth ofneuroendocrine tumors (NETs). 39-47 These pathways
have been most extensively studied in carcinoid neuroendocrine cells.

ASCLI
Data from Chen and colleagues and others suggest that ASCLl may playa key role in the de­

velopment ofNETs. NETs expresshigh levelsofASCLI. Invivo abolition ofASCLl in transgenic
knockout mice led to the failed development of pulmonary NE cells, a lack of thyroid C-cells
and a 50% reduction in adrenal chromaffin cell population.48.49 These results clearly indicated
that ASCLl is required for the development ofNE cells in the body including C-cells, adrenal
chromaffin cells and pulmonary endocrine cells, the precursor cells for medullary thyroid cancer
(MTC), pheochromocytoma and small cell lung cancer (SCLC), respectively." We and others
have characterized the expression ofASCLl in several human cancer cell lines and tumors and
found that ASCLl is, as expected, highly expressed in NETs such as MTC, SCLC, carcinoids
and pheochromocytoma, where as ASCLl is absent in nonNETY·50-52 Therefore, inhibition of
ASCLl expression may be an important way to suppress NET growth.

,
cytosol , M P kInase kinase , cytosol

MAP kinase

Figure 2. Schematic representation of the structure of the MAPK pathways. (Reproduced with
permission from : Kolch W. Biochem J2000; 351:289-30573).
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Figure 3. Schematic overview of inhibition of neuroendocrine differentiation in GI carcinoid
tumors by Notch signaling. Upon ligand bindin g, the Notch receptor undergoes sequential
internal cleavage, generating an activated intracytoplasmic domain (Notch*). Activated
(cleaved) Notch* translocates to the nucleus and forms a transcriptionally-active complex ,
which activates the transcription of effector genes,such as Hesl. The repressor HESl inhibits
the expression of the proendocrine transcript ion factor gene Ascl l , resulting in the inhib it ion
of NE differentiation. (Reproduced from : Nakakura EK et al. J Clin Endocrinol Metab 2005;
90(7):4350-6;43with permission from the Endocrine Society).

NotchI
The pathways that regulate ASCLl expression have been well characterized. The Notch sig­

naling pathway negatively regulates ASCLl during Drosophila and mammalian development.
Ligand activated Notch l protein translocates to nucleus and partners with the CBFl complex
and acts as a transcriptional activator for various genes including HES-l, a transcriptional repres­
sor ofASCLl.Interestingly, recent studies have shown that Notch1 signaling is very minimal or
absent in NETs.40·41 ,43.53.54This could be the reason why we see high-level expression ofASCLl
protein in these tumors. Interestingly, we observed the absence ofactive Notch l protein in pan ­
creatic carcinoid BON cells suggesting that the Notch signaling pathway is inactive in carcinoids.
Transient expression ofactive, Notch1via adenoviral vector in BON cells resulted in growth sup ­
pression and significant reduction in NET markers such as serotonin, CgA, synaptophysin and
ASCLl confirming the tumor suppressor role of Notch1 signaling in carcinoid." Further, it was
shown that the reduction in serotonin is at the level of transcription of tr yptophan hydroxylase
1 mRNA suggesting that Notch l signaling regulates tryptophan hydroxylase 1, a rate-limiting
enzyme in serotonin biosynrhesis.v In addition, stable expression of a Notch 1 fusion protein in
BON cells also resulted in high levels of functional Notch1 that led to an increase in the level of
HES-l. Increase in the level of HES-l significantly reduced the level ofASCLl protein. Similar
to transient adenoviral Notch l activation, the stable expression of Notch I in BON cells also
caused reductions in the levels ofserotonin, CgA, NSE and synaptophysin ." However, the exact
mechanisms bywhich growth and marker reduction remain unclear. Over expression ofdoxycycline
inducible HES-l in pulmonary carcinoid cells resulted in a do se dependent growth reduction as
well as ASCLl suppression. Interestingly, moderate growth reduction was observed with over
expression ofHES-l in carcinoid cells.t' Thi s indicated that there could be additional factor (s)
involved in Notch l signaling pathway mediated growth suppression . These results demonstrate
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that Notch! pathwaycomponents are intact in carcinoidcells and that these cells are capable of
respondingto Notch! signaling. Importantly,theseNET cells lackNotch! activationat baseline.
Therefore, identificationof compound(s) that activates endogenousNotch! in carcinoids should
be exploited.Thismight result in clinicalapplications in the treatment of patientswith carcinoid
disease. Recently, wehaveshownthat histonedeacteylase (HDAC) inhibitors upregulateNotch!
in NETs and inhibit tumor growth.55•56 Clinicaltrialswith theseagentsarecurrentlyongoing.

Raj-I
Ras regulates multiple signalingpathways of which the best understood is the Ras/Raf/

mitogen-activated extracellular protein kinase (MEK)/extracellular signal-regulated kinase
(ERK)pathway. Rasand rajareproto-oncogenesand expression of thesegenesactivates signaling
pathways, which in turn control cellulargrowth.Therefore, the ras/rafsignalingpathwayhasbeen
recognizedasan important process in cancerbiology. Despite several findings and new insights
on this signalingpathway, the role of Raf in cancer cells remains controversial yet interesting.
Recently, wehaveshownthat activationof raf-! pathwayin MTC and other NETsbyexpression
of estradiolinducibleestrogenreceptor fusedwith catalyticdomain of raf-I fusionprotein led to
completesuppression ofASCLl mRNAand protein.44•45.52.57 Decreasein the level ofASCLl pro­
tein correlatedwith reduction in calcitoninand CgA.Furthermore,raf-I activationin MTC cells
led to asignificant growthsuppression. Further, it hasbeenshownthat growthinhibition byraf-I
activationin MTC-TT celllineinducesan autocrine-paracrine protein,leukemiainhibitoryfactor
(LIF) and this alone couldmediatedifferentiationand cellgrowth inhlblrion." Furthermore,we
haverecentlyshownthat activationof raf-I pathwayin thesecells lead to inactivationof GSK-3~
by phosphorylation at ser9. We alsoshowed that inactivationof the GSK-3~ alone resulted in
differentiation and cellgrowth Inhlbltlon." Thesefindings are interestingbecause raf-I activa­
tion not only activates itsown raf-I/MEK/ERK pathwaybut alsocross talk with other pathways,
which in turn couldpossibly regulategrowth.Currently,clinicaltrialswith GSK-3~ inhibitorsare
underwayfor NETs includingcarcinoid,pancreaticisletcellcancerand MTC.

Treatment ofNeuroendocrine Tumors Based on Molecular
Genetic Diagnosis

Diversegeneticchanges includingnonsense, missense, frarneshifi and splicemutations,aswell
aslargegenomicdeletionsof theMENI gene(reviewed bySchussheim et al59) , havebeenreported.
Thesemutations mayoccuranywhere within the codingsequenceor the exon-intronjunctionsof
the gene.6OTwo-thirds of the reported mutations of the MEN1 gene result in truncation of the
C-terminalportion ofthe meninprotein.Recognized pattersofgenotype-phenotype relationships
havenot beenestablished forMEN 1,althoughphenotypicvariants (isolatedhyperparathyroidism,
or predominant prolactinomas) havebeen described.61

•
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Genetic testing for MEN 1 is currentlyavailable in selectedcentersas a standard diagnostic
test. Formalgeneticcounseling and informedconsent includingdisclosures relevantto privacyof
medicalinformationand thepotentialimpactof the geneticinformationon treatmentareessential
to a comprehensive program of genetictesting.

The optimal timingand most appropriate operationto performfor NETsof the pancreas and
duodenum in patientswith MEN l remains controversial. To recommend the appropriatesurgical
therapy, it iscriticalto understandthe naturalhistoryofsmall, potentiallybenignor nonfunctional
tumors.This understandingmust be interpreted in the context of the risks of early and/or repeat
majorpancreatic interventions.These operations carryasignificant riskofmorbidityand evenmor­
tality. It is difficult to advocate routineor early pancreatic exploration in youngotherwise healthy
patientsfor smallnonfunctionaltumors,whicharepotentiallyclinically insignificant. Nevertheless,
thesetumorshavea malignant potentialand a delay in diagnosis and effective treatmentcarries the
riskofspreadto localordistantsites. It isobviously desirable to interveneearlyto preventmalignant
dissemination,whileminimizing morbidityand mortality(fromeithercanceror surgery). Surgical
treatmentdecisions aremademoredifficult bythelackofevidence to supportarelationship between
sizeof the tumor and riskof regional lymphnodeor distant metastases.63.64
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The opposite ends of the spectrum for surgical treatment of the neuroendocrine tumors that
develop in association with MEN 1include early,aggressivesurgical intervention when the patient's
serum tumor markers first become elevated (even without radiographically detectable tumors),65067
or operation only for tumors exceeding approximately 1.0 cm in size on radiographic imaging or
demonstrating hormone hyperfunction.S?' The malignant potential of these neoplasms is clear
and up to 50%ofpatients eventually develop regional lymph node or distant metastases .63,6S Many
groups now recommend early operation and excision ofthese tumors to prevent malignant progres­
sion.63,6s,7o,n A recent study reported improved overall survival in patients undergoing operation,
especially in younger patients with localized tumors and in those with hormonally functional
tumors .v The operative strategy for NET in patients with MEN 1 must be aimed at excision of
grossly evident tumors with preservation ofpancreatic exocrine and endocrine function with the
safest operation that is effective.
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CHAPTER 10

Adrenal Tumors inMENl Syndrome
and the Role ofMenin inAdrenal
Tumorigenesis
Attila Patocs,*Katalin Balogh and KarolyRacz

Introduction

M ost ofthe adrenal tumors are benign adrenocortical adenoma (AA) and pheochromocy­
tomas (Pheo) originatingfrom the adrenal medulla, but rarely malignant adrenocortical
carcinomas (ACe) can be alsofound.Adrenal tumors causinghormonal overproduction

such asaldosterone-producingand cort isol-producing tumorsare also rare,whereas nonhyperfunc­
tioning adenomas occur more frequently. I During the last decades an extensive use ofadvanced
imaging techniques (computer tomography, magnetic resonance imaging, endoscopic ultrasound)
has led to an increased incidence ofaccidentally discovered adrenal masses, i.e., incidenralomas.t"
The prevalence ofincidentalomas is up to 9% ofall autopsy cases.The majority ofthese tumors are
hormonally inactive and are of adrenocortical origin, but pheochromocytomas and hormonally
active adrenocortical tumors associated with the development ofCushing'ssyndrome or primary
aldosteronism can also be found in some patient,':'

Several clinical studies provided compelling evidence that adrenal tumors are associated with
MEN1 syndrome and that patients with MEN1 syndrome may develop the entire spectrum of
adrenal tumors including nonhyperfunctioning adenomas, corti sol- and aldosterone-producing
tumors, adrenocortical carcinomas and, rarely,pheochromocytomas. However, adrenal tumors are
not included in the main diagnostic components ofMEN1 syndrome and patients with adrenal
tumors who have only one of the three components without family history ofMEN1 usually do
not have mutationsofthe MEN1 gene. Perhaps more interestingly, the somatic genetic alterations
detected in MENl-associared adrenal tumors do not seem to support a role for MEN1 gene similar
to that presumably involved in the pathomechanism ofMEN I-associated parathyroid, pituitary
or pancreas neuroendocrine tumors.

Genetics ofAdrenal Tumors
Hereditary adrenocortical tumors are rare, but up to 25-30 % ofpheochromocytomas are as­

sociated with hereditary syndrorncs.l"

Hereditary Syndromes with Adrenal Involvement
Hereditary adrenocortical tumors represent only a few percent of all adrenal tumors. In

Li-Fraumeni syndrome (LFS; OMIM 151623), germline mutation of the tumorsuppressor gene
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Table 1. Geneticsof adrenaltumors. Hereditary tumorsyndromes associatedwith
adrenaltumors

Gene andChromosomal
Localization Tumors andOtherManifestations

ACC, breast cancers, brain tumors, soft
tissue sarcoma leukaemia

3P: Parathyroid, pituitary, pancreas
tumors; adrenal cortical; adenoma ,
hyperplasia, rarely carcinoma

PPNAD, cardiac myxomas, GH- and
PRL-secreting tumors, thyroid tumors,
testicular tumors, ovarian cysts,
lentiginosis,

Omphalocele, macroglossia,
macrosomia, hemihypertrophy, Wilms'
tumor, ACC

Adrenal hyperplasia

l1p15 locus alterations
IGF-II overexpression

PRKARIA (17q22-24)
PDE11A (2p16)

CYP21A2 (6p)

MENI (llq13)

TP53 (17q13)Li-Fraumeni syndrome

Carney complex (CNC)

Congenital adrenal hyper­
plasia (CAH)

Glucocorticoid-remediable CYPl1Bl (8q21) Micronodular, homogeneous
aldosteronism (GRA) CYPl1B2 (8q21) hyperplasia

Multiple endocrine
neop lasia Type 1 (MEN1)

Beckwith-Wiedemann
syndrome (BWS)

ACC: adrenocortical cancer; ADE: adrenocortical benign adenoma; GH: growth hormone; PRL:
prolactin; IGF: insulin-likegrowth factor; GRA: Glucocorticoid-remediable aldosteronism.

TP53 can be identified?·g whereas in Beckwith-Wiedemann syndrome (BWS; OMIM130650)
overexpression of the insulin-like growth facror-Z (IGP-2) can be detected." Mutations of the
protein kinase A regulatory subunit-In (PRKARIA) gene have been associated with Carney
complex (CNC; OMIM 160980).9.10 In addition, mutation of the gene encoding the phospho­
diesterase llA enzyme (PDEIIA) has been reported recently in patients with micronodular
adrenocortical hyperplasia." Multiple endocrine neoplasia Type 1 (MENl; OM1M 131100)
syndrome has been associated with mutations of the MEN1 gene.12 Glucocorticoid remediable
hyperaldosteronism (GRA) is caused by a chimeric gene containing the promoter region of the
CYPIIBI (OMIM610613) gene and the codingsequence ofthe CYPIIB2gene (OMIM 12408)
(Table 1).13Congenital adrenal hyperplasia is caused by mutations of the CYP21A2 (CYP21B;
OMIM 201910).14.15Activating mutations of the alpha chain of the stimulatory G protein have
been described in McCune-Albright syndrome (MAS; 0 MIM 174800), but in this case somatic
mosaicism occurs."

Somatic Genomics ofSporadic Adrenal Tumors
Different molecular biological techniques, such as comparative genomic hybridization (CGH)

and microsatellite analysis have been used in genome-wide screening for the identification of
additional loci involved in adrenal tumorigenesis. Using CGH, chromosomal alterations have
been observed in 28-61% of adrenal adenomas. Hot-spots for allelic losses have been identified
on chromosomes Ip, 2q, 11q, 17p, 22p and 22q and gains on chromosomes 4,5, 12 and 19,17
Kjellman et al (1999) screened a panel of 60 tumors (39 carcinomas and 21 adenomas) for loss
ofheterozygosity (LOH).The vast majority ofLOH detected was in the carcinomas involving
chromosomes 2,4, 11 and 18; but little was found in the adenomas. The Carney complex (160980)
and theMENlloci on 2p16 and l1q13, respectively, were further studied in 27 (13 carcinomas
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and 14 adenomas) of the 60 tumors. A detailed analysis of the 2p16 region mapped a minimal
area ofoverlapping deletions to a l-cM region that was separate from the Carney complex locus.
LOH for glycogen phosphorylase gene (PYGM, OMIM 608455) was detected in all 8 informa­
tive carcinomas and in 2 ofthe 14 adenomas. Ofthe cases analyzed in detail, 13 ofthe 27 adrenal
tumors (11 carcinomas and 2 adenomas) showed LaH on chromosome 11 and these were selected
for MEN1 mutation analysis. In 6 casesa common polymorphism was found, but no mutation was
detected. The authors concluded that LOH in 2p16 was strongly associated with the malignant
phenotype. In addition, LOH in llq13 occurred frequently in carcinomas, but it was not associ­
ated with MEN1 mutations, suggesting the involvement ofa different tumor suppressor gene on
this chromosome.'!

Studies using microsarellite markers havedemonstrated high percentages ofloss ofheterozygos­
iry (LOH)/allelic imbalance at region llq13 (in 100% ofcases)19·21 and 2p16 (in 92% ofcases)"
in adrenal carcinomas. LOH of the 17p13 locus has been reported to be highly specific to ma­
lignant tumors" and to be ofprognostic value for the recurrence oflocalized tumors." Based on
these findings LaH at 11q13 occurs in about 20% ofsporadic adrenal tumors, mostly in benign
adrenocortical adenomas and in up to 40% ofpatients from MENI kindreds.F:"

Unlike the LOH at llq13 detected in adrenal tumors, somatic mutations of the MENl
gene are very rare. Two studies conducted mutation screening of the MEN1 gene. Heppner er al
(1999) found no mutations within the coding region of the MENl gene in 33 tumors and cell
lines." Schulte et al (1999) studied 16 patients with sporadic adrenal adenomas (4 patients had
incidentally discovered masses, 5 patients had primary aldosteronism, 6 patients had Cushing's
syndrome and one patient had multinodular hyperplasia) and only one patient with hormonally
inactive adrenal adenoma showed a heterozygous missense mutation (Thr552Ser).21 Retention
of heterozygosity for the MENl locus at llq13 was also observed by Skogseid et al (1992),
who analysed adrenocortical lesions in 31 MENI patients. Of the 31 patients, 12 (37%) had
adrenal enlargement, which was bilateral in 7 patients. Of the 12 adrenal lesions 11 were benign
adenomas and all retained heterozygosity for theMENllocus. One interesting clinical observa­
tion on the association between adrenal and pancreatic endocrine tumors has been reported. In a
single adrenocortical carcinoma, loss heterozygosity for alleles at 17p , 13q, 11P and llq has been
identified, which is in agreement with reports in sporadic cases.Skogseid et al (1992) concluded
that the pituitary-independent adrenocortical proliferation is not the manifestation ofa primary
lesion in MEN I but it may represent a secondary phenomenon, perhaps related to the pancreatic
endocrine rumor,"

MENI-Associated Adrenal Tumors
Individuals who have a germline inactivating mutation of the MEN1 gene develop MEN1

syndrome. In accordance with Knudson's two-hit hypothesis, their germline MENl mutation
combines with acquired somatic mutations ofthe second copy oftheir MENl gene. This leads to
monoclonal expansion and multiple neoplasia arises in such organs as the pituitary, parathyroid
glands and the endocrine pancreas in an autosomal dominant manner. 26.27

Prevalence
In the first family described byWermer peptic ulcer and tumors ofthe anterior pituitary gland .

parathyroid glands and islets ofLangerhans, adenomas ofthe thyroid and ofthe adrenal cortex, as
well as lipomas were identified.28.29In the past 50 years the prevalence ofadrenal lesions observed
inMENl mutation carriers varied between 8 to 73% (Table 2.).25.30-37

ClinicalFeatures
Similar to the usual presentation ofsporadic adrenocortical tumors, adrenal cortical adenomas

found in MEN 1 usually are hormonally inactive but in a proportion <10% cortisol-secreting tu­
mors can be found. Primary aldosteronism has also been occasionally reported.38.39Adrenocortical
carcinomas (ACe) has been described only in a few casesand pheochromocytomas may occur in
less than 1% ofMEN1 patients.32.33,40
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Table 2. Prevalence of the adrenaltumor in multiple endocrineneoplasia Type 1
(MfNl) among the MENl mutation carriers

Number of Number of
Patients with Total Mutation

Country of Origin Adrenal Tumor Carriers Prevalence Reference

Finland 29 82 35% Vierimaa 0 et al

UK 5 59 8% Ellard 5 et al

Germany 38 258 15% MachensAet al
(a multicenter study)

Germany 21 38 55% WaldmannJet al

France 15 62 24% GiraudS et al

Sweden 12 33 37% Skogseid Bet al

Hungary 10 10% Balogh Ket al

Germany (2008, EUS) 36 49 73%* Schaefer S et aI

*induding plump adrenals .

Diagnosis, Therapy and Follow-Up ofAdrenal Tumors

Localization
Most adrenal tumors found in patients with MEN 1 syndrome are small, benign, hormonally

inactiveadrenocorticaladenomas.Thesetumors aremostlydiscovered byroutineimagingtechniques,
i.e.,ultrasonography,CT or endoscopicultrasound (EUS).2.37The sensitivityofEUS in the detec­
tion ofadrenal lesionsin MEN 1ishigher than that observedwith CT. Schaeferet alreported avery
high percentage (73%) ofpatientswith adrenalinvolvementamongMEN1genemutation carriers."
However,weshould keepin mind that in this particular studyallthe EUSwereperformed byasingle
investigatorwho was searchingfor adrenal lesions.In routine clinicalpractice this high sensitivity
could be difficult to reproduce when different investigatorsare doing the EUS examinanons."

Pheochromocytoma does not represent a major MEN1 manifestation, however, it can be
observed in <l % ofpatients. l3lI-MIBG (rneta-iodo-benzyl guanidine) scintigraphy is a highly
specific imaging technique for the diagnosis of pheochromocyroma.t':"

Laboratory Diagnosis
Although adrenal lesions in patients with MEN1 syndrome are mostly hormonally inactive

adenomas,hormone secretion should be excluded. Urinary cortisol, midnight serum and salivary
cortisol and the low-dose dexamethasone suppression test can be applied for the diagnosis of
Cushing's syndrome. The plasma renin/aldosterone ratio is used for screening primary aldoster­
onism and adrenal androgens should also be determined.

In caseofclinical suspicionofpheochromocytoma,urinary catecholamine metabolites (meta­
nephrine , norrnetanephrine, homovanillic acid, vanillylrnandelicacid) and serum chromogranin
A determinations should be performed.43

Therapy
The therapeutical procedures for patients with MENJ-associated adrenal tumors are similar

to patients with the sporadic counterparts. All functioning adrenal tumors and nonfunctioning
tumors larger than 4 cm with evidence or suspicion ofmalignancy should be surgicallyresected.
Nonfunctioning adrenal tumors smaller than 4 cm should be evaluated using imaging techniques
and hormone measurements.Basedon CT scan lipid-rich and lipid-poor tumor can be identified.
If lipid-rich tumor is observed, imaging should be repeated after 6 month, while in caseswhen
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lipid-poor tumor is observed repeat CT or MRI is indicated after 3 months. Ifenlargement oc­
curs adrenalectomy should be considered. In addition, adrenalectomy should be considered when
heterogeneity, irregular capsule, nodes or change in hormonal activity are observed.tv"

Follow-Up
The main manifestations, pituitary adenomas, parathyroid hyperplasias causing primary

hyperparathyroidism and pancreatic endocrine tumors are the major prognostic factors for the
long-time survival ofpatients with MEN1. Primary treatment and additional work-up for these
conditions can be found in Chapter 1 ofthis book.

Long-term follow-up for detection of adrenal tumors in MEN 1 mutation carriers includes
imagingstudies and, ifnecessary, hormone measurements. An extensive use ofimaging techniques,
especially EUS , may lead to an increased prevalence ofadrenal lesions in MEN 1 patients. Using
EUS Schaefer et al examined the natural course and clinical relevance ofsmall adrenal lesions in
MEN 1 patients. They found that during a two-years follow-up period small adrenal lesions «3
em) were constant in their morphology. However, further studies with large number ofpatients
would be needed to evaluate the course of adrenal lesions in MEN1 mutation carriers and the
influence ofadrenal alterations on morbidity and mortality of these patients."

MEN] Gene Mutation Screening in Patients with Adrenal Tumors:
To Screen or Not?

It is well established that hyperparathyroidism occurs in almost all patients with genetically con­
firmed MEN 1syndrome. Using current genetic tests mutation oftheMEN1 gene can be identified in
75-77% ofpatients with clinicallywelldefined MEN1syndrome. Patients with the MEN 1phenotype
in whom genetic tests fail to confirm the presence ofMEN1 gene mutation may have alterations the
promoter or introns which are missed by current routine mutation screening methodsY·36

The predictive value ofdifferent manifestations ofthe MEN1 syndrome for positive MEN1
gene mutation detection isofparticular interest. Ithas been shown that the best predictors ofa posi­
tive genetic test are the number ofmain MENI-associarcd tumors and the family history.MEN1
gene mutation screening in our patients with a MEN l-related state who had a high prevalence
ofadrenal tumors but only one ofthe three main components without family history ofMEN 1
indicated a low prevalence ofMEN1 gene mutations. This finding may suggest, that the presence
ofadrenal tumors has a low predictive value for a positive MEN1 mutation screening.Y'Ihe impact
of other tumors, such as lipomas, foregut, thymic and bronchial carcinoids, ependymomas and
various cutaneous lesions on the probability of a positive MEN1 gene mutation screening has
been also analysed . One prospective study conducted by Asgharian et al assessed the frequency
and sensitivity/specificity ofvarious cutaneous alterations for MEN 1 in 110 consecutive patients
with gastrinomas with or without MENI syndrome. Interestingly, the presence of more than 3
angiofibromas or any collagenoma had the highest sensitivity (75%) and specificity (95%) for a
positive MEN1 gene mutation testing. They concluded that this diagnostic criterion has a greater
sensitivity for MENI than pituitary or adrenal disease and has a sensitivity comparable to hyper ­
parathyroidism reported in some studies ofpatients with MEN 1 with gastrinoma."

Another possibility would be to asses the decrease ofMEN1 function in patients by direct
analysisofmenin expression using real-time PCRor Western blotting techniques to compare menin
expression in sporadic and MEN l-associated adrenal tumors. Until recently, only a few studies
assessed the menin expression in adrenal tumors. Shulte et al analyzed 14 patients with sporadic
adrenal cancer and menin mRNA expression was found in all tumors. Additionally, heterozygosity
for the RI76Q (in one patient) and for the D4I8D (in 40% ofpatients) were identified. In another
study," Bhuiyan et al, analyzed 12 different sporadic adrenal tumor tissues using RT-PCR and
Western blotting. Upregulation of men in in Cushing's syndrome and a decreased expression in
aldosterone-producing adrenal adenoma were detected. The authors concluded that upregulation
ofmenin expression in Cushing's syndrome may result in an altered cellular function and it may
represent an early step in adrenal carcinogenesis." However, no further evidence for or against this
hypothesis was presented. Retention ofheterozygosity of the MEN 1 locus observed in adrenal
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tumors of patients with MEN I syndrome also supports the hypothesis that loss of the MEN1
gene function is not the major causeofMEN l -associated adrenal tumors.20,21,26

Comments and Conclusion
Nonfunctional enlargement of one or both adrenal glands is a common finding in patients

with MENI syndrome. In the majority of cases these adrenal lesions are hormonally inactive
benign adrenocortical adenomas, but rarely pheochromocytomas, aldosterone-producing and
cortisol-producing tumors and even adrenocortical carcinomas can also be found. Adrenal tumors
in patients with mutations of the MEN1 gene are phenotypically undistinguishable from their
sporadic counterparts. A high prevalence ofadrenal tumors in MEN-I patients with pancreatic
neuroendocrine tumors has been considered as the consequence ofoverexpression ofgrowth fac­
tors such as proinsulin or insulin which may playa role in the pathomechanism of these tumors.
The absence ofloss ofheterozygosity of the MEN1 gene MENl -associated adrenal tumors may
indicate that inactivation ofthe MEN1 gene does not rule tumorigenesis in the adrenal gland.
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CHAPTER 11

Functional Studies ofMenin
through Genetic Manipulation
ofthe Men} Homolog in Mice
Dheepa Balasubramanian and Peter C. Scacheri"

Abstract

T o investigate the physiological role of menin, the protein product of th e MEN] gene ,
several groups have utilized gene targeting strategies to delete one or both copies of th e
mouse homologMen]. Mice that are homozygous null for Men] die during embryogenesis.

Heterozygous Men] mice are viable and develop many of the same types of tumors as humans
with M ENI. In addition to conventional knockouts ofMen] , tissue-specific elimination ofmenin
using ere-lox has been achieved in pancreatic ~ cells, anterior pituitary, pa rathyroid, liver, neural
crest and bone marrow, with varying results that are dependent on cell cont ext . In thi s chapter,
we compare the phenotypes ofthe different conventional Men] kn ockouts, detail the similari ties
and differences between Men] pathogenesis in mice and humans and highlight results from recent
crossbreeding studi es between Men] mutants and mice with null mutations in genes within th e
retinoblastoma pathway, indudingp/gInc4c,p2-j'Gpl and Rb. In add ition, we discuss not only how

the Men ] mutants have shed light on the role of menin in endocrine tumor suppression, but also
ho w Men] mutant mice have helped un cover previously unrecognized roles for menin in develop­
ment, leukemogenesis and gestat ional diabetes.

Introduction
Multiple Endocrine Neoplasia Type I (MENI ) is an autosomal dominant disea se generally

charact erized by the occurrence of multiple tumors in multiple endocrine organs. The causative
gene for MEN 1 behaves like a classic tumor suppressor and strictly adheres to Knudson 's two-hit
model first proposed for retinoblastoma in 197J.l Patients with familial MENI inherit the first
MEN] mutation through the germline, followed by the somatic loss of the second MEN] allele
through chromosome loss, breakage, duplication, mitotic recombination or point mutation.
Tumors from MEN I patients con sistently show loss ofheterozygosity (LOH) at the MEN] locus,
consistent with the notion that tumors arise after somatic loss of the wild type MEN] allele. The
MENJ gene is also frequently mutated in endocrine tumors from patients with no family history
ofendocrine cancer, indicating that the MEN] gene is a major contributor to the development
and maintenance ofmany nonhereditary endocrine tumors.i"

The gene for MENI codes for rnenin, a 67kDa nuclear protein expressed in a wide variety
of tissues and throughout embryogenesis. Menin bears no simil arity to any known proteins and

'Correspo nding Author: Peter C. Scacher i-Department of Genetics, Case Western Reserve
University, Cleve land, O H, USA. Email: pxs183@case.edu
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contains no functional motifs, making it exceptionally challenging to elucidate its function. In spite
ofthis , menin has been found to interact with more than twenty proteins? The diverse functions
ofthe menin parmers suggest roles for menin in transcriptional regulation, DNA processing and
repair, cytoskeletal organization and protein degradation. There isparticularly strongevidence that
menin functions as a coregulator of transcription. Specifically, independent studies have shown
that menin interacts with a histone methylrransferase (HMT) complex containing MLL (mixed
lineage leukemia), ASH2L (absent small, or horneoric), WDR5 (WD repeat containing protein
5) and RBBP5 (retinoblastoma binding protein 5).8.9 The menin-HMT-associated complexes
promote methylation of lysine 4 on histone H3 (H3K4me), an epigenetic mark that is ofien
associated with transcriptionally active genes. Menin and HMT proteins colocalize to hundreds
of gene promoters marked with H3K4meiO and a subset of the menin-HMT target genes are
misexpressed in Men l-null cells (including the potent cell cycle inhibitorsp2JKiP/ andpl8/,J,*}.11.12
Menin can also bind to promoters independently ofHMT proteins, suggesting that menin may
also modulate transcription by an alternative coregulatory mechanism."

In addition to the biochemical approaches described above, severalgroups have taken advantage
ofthe in vivo study ofmouse models, which utilizes gene targeting to delete one or both copies of
the mouse Menl gene.13-15 Human and mouse menin are 96.7% homologous," and gratifyingly,
the phenotype of mice that are heterozygous for Menl (Menl+!-) is remarkably similar to that
observed in humans with MEN1.Specifically,Menl": mice develop tumorsofthe pancreatic islets,
pituitary, parathyroid and adrenal glands. Moreover, as in human cases of MEN 1, tumors from
heterozygous Menl mice all arise following somatic loss ofthe wild type allele. In addition to the
conventional knockouts, several groups have successfully developed conditional, or tissue-specific
knockouts oftheMenl gene using the ere-lox system . To date , the complete inactivation ofmenin
has been achieved in pancreatic ~ cells, parathyroid, hepatocyres, bone marrow and neural crest ,
with varying results dependent on cell conrexr. F? ' In this chapter, we review the phenotype ofthe
MenI mouse mutants and discuss how these mice support menins role as a tumor suppressor. In
addition we will highlight studies that reveal previously unrecognized roles for menin in develop­
ment, blood-related cancers and gestational diabetes,2l·23Lastly, we will draw attention to recent
crossbreeding studies which, together with biochemical studies, suggest that menin may mediate
its tumor suppressor fun ction in part by collaborating with pIS to restrain cell growth.24

.25

ConventionalMenl Mouse Models
Three different groups generated conventional mouse knockouts ofMenl by disrupting the

Menl mouse homolog through homologous recombination in embryonic stem (ES) cells.13•15,20

Mice lacking both copies of the Menl gene (Menl -/-) die around the time of mid-gestation at
embryonic day (E) I1.S-13.5 .Menl null embryos studied just prior to death are small in size and
have accompanying neural, craniofacial, heart and liver malforrnations.l 'r" The results of these
studies clearly demonstrate a critical role for menin in development ofmultiple organs, although
the precise role ofmenin during embryogenesis and the underlying cause of the developmental
defects remains largely unknown. One possibility is that the developmental defects are due to
dysregulated expression ofdevelopmental genes that are normally coregulated by menin and its
associated transcriptional proteins. The developmental homeobox genes are directly regulated by
the menin-HMT complex and Men r ':embryos show decreased expression ofHoxc6 and Hoxc8
when compared to wild type Men I ": embryos," Further studies are necessary to determine if
the decreases in Hox gene expression have a direct affect on the developmental anomalies in the
Menl:': embryos. Presumably genes besides Hox are also coregulated by menin during embryo­
genesis and it will also be interesting to explore whether these genes might contribute to defects
in Menrl- embryos.

Mice lackingone copy ofMenl (Men1+!- ) clearly develop many features ofhuman MEN 1. The
most common types of tumors found in Menl": mice are insulinomas, prolactinomas, parathy­
roid adenomas, adrenal cortical tumors, lung tumors, testicular and ovarian tumors and thyroid
adenomas (Table 1).13-15 After adjusting for the difference in life expectancy, the age of onset in
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mice (9-18 months) is comparable to humans. As seen in human tumors from MEN1 patients,
tumors from Men] +1- mice show loss ofthe wild type Men] allele.

There are notable differences in the incidence and type of tumors observed in humans and
mice with MEN1. Whereas 90-99% of affected MEN1 patients develop parathyroid tumors,
only 7-53% of Men] mice develop parathyroid tumors. Cutaneous tumors in human MEN1
patients are not observed in Menl": mice. In addition. MEN1 patients develop pancreatic islet
cell tumors 30·80% ofthe time and nearly halfofthese are gastrinomas, 10% are insulinomas and
10% are nonhormone secreting. By comparison, pancreatic islet cell tumors in affected mice are
almost always insulinomas. Prior to developing insulinomas, the Men] +1- mice develop islet cell
hyperplasia due to haploinsufficiency ofMen] , a feature that is not observed in MEN 1 patients.
Lastly, gonadal tumors in Men] +1- mice are almost never seen in humans with MEN1.

The phenotypes ofthe different conventional Men] knockout mouse models are quite similar,
but differences between them do exist. Most notably, pancreatic islet and pituitary carcinomas,
extra-pancreatic gastrinomas and a few growth-hormone secretingpituitary tumors are reported in
one model" but not the other twO.14•1SThe phenotypic variations may be due to subtle differences
in the genetic backgrounds of the mice, which may contain genetic modifiers that contribute to
the phenotype in unknown ways.At some point, studying these differences may lead to discovery
ofgenetic contributors to phenotypic variability in patients with MEN 1.

ConditionalMenl Mouse Mutants
In designing the conventionalMen] mouse knock out models . researchers artificially create the

"first hit" by homologous recombination in ES cells. Mutation ofthe second Men] allele, or the
"second hit', occurs naturally, similar to humans with germline mutations inMEN].Becauseofthis,
the conventional models lend themselves to in vivo research ofthe natural progression ofMEN 1.
However, the conventional models cannot be used to address the consequence of simultaneous
loss ofboth Men] alleles in adult tissue, since complete absence ofmenin causes embryonic lethal­
ity. As a means to bypass the embryonic lethality, clever studies to manipulate the Men] gene in
specific tissues have been designed. These conditional targeting strategies use ere-lox to selectively
delete Men] at a specific time in tissues ofinterest. Specifically, a knock-in mouse with a "Boxed"
Men] allele is created by inserting 10xPsites into the Men1 locus by homologous recombination.
Men] Boxed mice are then bred to transgenic mice expressing ere recombinase from tissue spe­
cific promoters. In progeny that contain both the Boxed Men] alleles and the cre transgene, ere
recombinase binds to the 10xP sites and catalyzes excision of the intervening sequence, resulting
in inactivation ofthe endogenous Men] gene in the corresponding tissue. So far. this strategy has
been used to address the consequences ofhomozygous deletion ofMen] in several endocrine and
nonendocrine tissues. The results are summarized in Table 2 and described below.

Table 2. Conditional Menl knockout mice

Cre Target Tissue Phenotype Reference

RIP-ere Pancreatic (3 cell Insulinomas, pituitary adenomas, high 17,18,20
serum insulin, low blood glucose

ER-cre Pancreatic (3 cell Acute islet hyperplasia 27
PTH-cre Parathyroid Parathyroid neoplasms, hypercalcemia 29
Alb-ere Liver Normal liver, pancreatic insulinomas and 30

glucagonoma s
UBC9-cre-ERn Bone marrow Reduced number of peripheral white blood 19

cells
Wnt -cre, Pax3-cre Neural crest Perinatal death, cleft palate, rib patterning 21

defects, craniofacial abnormalities
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Pancreas andPituitary
The most commonly studied tissue in Men] mutant mice has been pancreatic islets, which

have the distinction ofbeing more easily accessible and ofhigher quantity than other endocrine
tissues associated with MEN1.By breeding floxedMen] mice to transgenic mice expressing cre
from the rat insulin promoter (RIP-cre), several groups have inactivated menin in the pancre­
atic ~ cell.17.18.20The complete absence of men in in ~ cells leads to the formation of multiple
insulinomas. Similar to humans and the conventional Men] knockout mice, the formation of
insulinomas in the conditional knockout results in elevated serum insulin and decreased blood
glucose levels. The incidence ofinsulinoma formation is high in the conditional knockouts and
in some cases, the tumor burden gets to be such that the mice die from hypoglycemia iffasted for
>12hours. In addition to insulinornas, 18-56% offloxedMen] mice expressing RIP-cre develop
large anterior pituitary adenomas. Although the pituitary tumors arise from leaky expression
of ere recombinase in the pars distalis, they are histologically and functionally similar to those
observed in human MENI patients.18.20 There is also a striking sex bias in the mice, with females
developing up to twice as many pituitary adenomas as males. The bias for pituitary adenoma
formation in females is also reported in one of the conventional Men] models" and probably
exists in the other two conventional models as well. The biological basis for this gender differ­
ence is not known.

Both Men] alleles are inactivated from a very early age in the ~ cells of the conditional model
and it is therefore not surprising that islet tumorigenesis is accelerated. By breeding floxed Men]
mice to mice expressing ere from an inducible estrogen receptor promoter (ER-cre) islet cell pro­
liferation was determined to increase as early as7 days following excision ofMen]. 27In the RIP-cre
mice with floxed MEN1alleles, large hyperplastic islets are seen as early as 4 weeks and tumors at
22-28weeks, compared to 30-38 and 40-60weeks in the conventional model. However, even with
early loss ofboth copies ofMen], tumor appearance in the conditional knockout is considerably
delayed. The delay in tumor formation clearly implies that loss ofMen] alone is not sufficient for
insulinoma formation and that additional somatic events are essential. Menrl - insulinomas are
capable ofdeveloping in the absence ofchromosomal or microsatellite instability, suggesting that
the additional somatic events required for tumor formation are probably subtle, occurringat either
the nucleotide level or through epigenetic mechanisms." As DNA sequencing costs decrease, it
should become practical to identify the nucleotide changes associated with Men] tumorigenesis
on a genome-wide scale.

Parathyroid
Bybreedingfloxed Men] mice to transgenics expressing ere from the human parathyroid-gene

promoter (PTH-cre), the Men] gene was inactivated in parathyroid glands." None ofthe resulting
mice developed frank parathyroid adenomas, although histological findings were consistent with
parathyroid neoplasia and serum hypercalcemia at 7 months ofage. Its rather surprising that even
with early loss of both Men] alleles in the parathyroid, the PTH-specific knockouts are not as
susceptible to developing PTH tumors as humans, or Menl": mice. The reasons for the disparities
are not known, but the discrepancies in mice might be due to variations in genetic background.

Liver
To assessthe effect ofmenin loss in an MEN1nonsusceptible tissue, the Men] gene was excised

in hepatocytes by crossing Men] floxed mice to mice expressing an albumin-promoter driven ere
rransgene." Livers that were completely null for men in expression appeared entirely normal and
remained tumor free. The mice did however develop pancreatic-islet tumors, which was attrib­
uted to leaky expression of ere. The data not only suggest that menin function is dispensable in
the liver, but also that tissue-specificity in MEN 1 is probably not determined by the likelihood
ofloss ofthe wild type Men] allele. Otherwise these mice would have bypassed this limiting step
and developed multiple liver tumors.
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Leukemic Precursor CellsandNormalBone Marrow
Translocations involving MLL can createfusionproteins that lead to liquid cancerslikeacute

lymphocytic leukemia and acute myelogenous leukemia. The fusion proteins behaveas potent
oncogenesbyconstitutively activatingHOXgenes, specifically HOXA9 and its cofactor, MEISl.
This resultsin a failureof terminaldifferentiationof hematopoieticprogenitors.Wild type MLL
directlyinteractswith meninand importantly,abnormal(oncogenic) MLL-fusionproteinsretain
their ability to bind to menin.9.22Theinteraction betweenmenin and the MLL fusionprotein is
required for oncogenic transformation of the myeloid cells. In MLL-transformed cells harbor­
ing floxed Menl alleles, conditional inactivationof menin suppresses the aberrant expression of
Hoxa9.9 Upon reduction of Hoxa9, the leukemicprogenitor cells lose their oncogenicqualities
and normal cell differentiation resumes, even in the presenceof the abnormal fusion protein.
Basedon thesefindings, it wasconcludedthat MLL-associated leukemogenesis requiresthe pres­
ence of menin. Theseconclusions werecorroborated bya similarstudy in which proliferationof
MLL-AF9 transformed myeloid cells wassuppressed upon conditional inactivationof menin.'?
Thesestudies present opportunities for new therapeutic targets, introducing the possibilityfor
treatingMLL-relatedleukemias through targeted removal of menin.

In addition to beinginvolved in abnormalproliferationof blood cells in leukemia,Menl con­
ditional knockout micewereused to showthat menin is essential for normal blood celldevelop­
ment. Micedeficientfor menin in bone marrowhavereducednumbersofperipheralwhite blood
cells." Although this study supports a role for menin in hematopoiesis in mice,hematological
abnormalitiesin humanswith MEN1 arenot reported.

Neural Crest
During development,cells derivedfrom the neuralcrest form parts of the peripheralnervous

system, parts of the faceand head and the outflowtract of the heart. To investigate whether the
craniofacial, neural and heart defectsobservedin Menl-null embryosare related to a function
ofmenin in the neural crest,Pax3- and Wntl-promoter driveneretransgenes wereused to excise
floxed Menl alleles in neural crest," The resultingmicesurvived embryogenesis but died shortly
afterbirth. In addition, cleftpalateand other craniofacial bone abnormalitieswereobserved. The
data support a rolefor menin in palatogenesis and perinatalviability.Although a mechanismwas
not determined, the expression ofp27 wasreducedinMenl-null neuralcrestcells, suggesting that
disturbances in genesdirectlytargeted by menin might be a contributing factor. This is not the
first time that a role for menin in bone formation has been suggested. Previous studies in mouse
mesenchymal stemcellsshowedthat menin,throughregulatedinteractions withSmads and Runx2,
promotes the formation of the osteoblasts.31.32

Menin Overexpression
During pregnancy, maternal ~ cellmassincreases to meet physiological demands. Given the

strongconnectionbetweenreducedmeninlevels andisletcellproliferation, it washypothesized that
fluctuationsin menin levels might modulatethe adaptive~ cellresponse in pregnancy. Consistent
with this hypothesis, ~ cellmenin levels drop at the onset of pregnancyin mice,accompaniedby
~ cellproliferationand increased insulinproduction, both of which restoreto normal afterpreg­
nancy." Transgenic expression of menin in the ~ cellpreventedexpansionof the isletsand similar
to women with gestationaldiabetes, pregnant Menl transgenicmice developedhyperglycemia
and had impaired glucose tolerance. The resultsof this study are particularlynovelbecausethey
suggestthat one of menin's normal functions is to respond to the body'schangingphysiological
demandsfor insulinbycontrolling~ cellproliferation. Although follow-up studiesin human are
necessary, the resultsalsosuggest that gestationaldiabetesmight be related to defectsin signaling
pathways that control menin levels.
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Crossbreeding Studies
pI8 and p27 inhibit cellcycle progression by signalingthrough the retinoblastomaprotein

(Rb) (Fig. 1) and biochemical studies show that pI8 and p27 are directly regulated by menin.
Consistent with thesefindings, p18 andp27 aredecreasedin tissues derivedfrom theMenl con­
ventional and tissue-specific knockouts, including pancreatic islets, liver, fibroblasts and neural
cresc. IO•12.21Micethat arehomozygous nullforeitherp18orp27develop gigantism andhyperplasiaof

I \

\j

1

M

G2

s

Figure 1. Menin is a positive regulator of p18 and p27, wh ich inhibit cycl in dependent kinases
CDK4/6. Phosphorylation of Rb by cycl in dependent kinases (CDK4/6 and cycl in D) initiates
the transition from Gl to S-phase by activating transcription of S-phase promoting genes.
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multiple organs by2-3 weeksofageand pituitary tumors ofthe intermediate lobe by 10 months.33-36
Interestingly, mice simultaneously lacking both pl8'nk-k and p2j"ipl develop features of MEN.
including hyperplasia and/or tumors ofthe pituitary, adrenal glands . duodenum, stomach, testes.
thyroid, parathyroid and endocrine pancreas. " In rats, gerrnline mutations in p27 alone result
in an MEN-like syndrome. with the affected animals displaying parathyroid adenomas. thyroid
C- cell hyperplasia .pancreatic hyperplasia and pheochromacytomas." Perturbations ofother genes
within the Rb pathwayalso yield phenotypes that are similar to those observed in the Men1mutant
mice. For example, pancreatic ~ cell hyperpasia occurs in mice expressing a mutant form ofcdk4
(CKD4-R24C) which is unresponsive to the inhibitory effects of INK4.39 ~-cell specific overex­
pression ofcyclin D I results in islet hyperplasia." Human patients with inherited mutations in
RB-I develop retinoblastomaand osteosarcoma, butRb": mice develop anterior and intermediate
lobe pituitary tumors. metastatic thyroid carcinomas and pheochromocytomas." These data raise
the possibility that menin suppresses endocrine tumorigenesis in part by collaborating with key
components of the Rb pathway to restrain cell cycle progression. This hypothesis has prompted
crossbreedingstudies between theMenl mutants and mice with null mutations in the Rbpathway,
includingpl8. p27 and Rb.

Compared to singleMenlmutants, Men1+1-pI8-1- compound mice show an increased incidence
ofanterior lobe pituitary tumors. insulinomas, parathyroid adenomas, adrenal cortical adenomas
and lung tumors (Table 3).24.25 In addition, many ofthese tumors develop faster than in Men1single
mutants (3-12 months compared to 12-22 months in the compound mutants). Unlike tumors from
Menl single mutants which all show LOH . tumors from Menl":p18-1- mice retain the wild type
Menl allele, indicating that in the complete absence ofp18. one-halfdosage ofmenin is not suf­
ficient to restrain tumor formation. Together with the biochemical data , the additive effectsofthe
Menl andp18 mutations support the notion that the mechanism oftumor suppression by menin
likely involves p18. Specifically, loss of menin reduces pl8 expression . abrogating its inhibitory
effect on cyclin dependent kinases and ultimately resulting in unrestrained cell growth.

Compared to single Men1 mutants, neither Menl": p27-1-, orMen1+1- Rb": compound mice
show an appreciable increase in the incidence or rate oftumor formation (Table 3).24,41.42Although
these data do not provide evidence for a functional collaboration between Menl and p27,or Men1
andRb. the data do not necessarilyexclude the possibility that p27 and/or Rb are involved in MEN1
pathogenesis. p27 is a direct menin target whose expression is reduced in tissues from the single
Menl mutants. Ifp27 function in the singieMenl mutants is already maximallycompromised, then
complete elimination ofp27 by genetic knockout would not necessarilyenhance tumorigenesis in
Menl ": p27+ mice. As an alternative functional test. it might be worthwhile to breed Menl":
mice to transgenics overexpressing p27. If increased p27 expression in Men1+1- mice delayed or
prevented tumor formation. a role for p27 in MEN1 pathogenesis could be supported.

Conclusion
TheMenl mutant mice have clearly helped further our understanding ofmen in function and

MEN I pathogenesis, but there is still much to be learned. For example, it is not known which of
the more than twenty menin-interacting proteins are relevant to menin function. Crossbreeding
the Menl mutants to mice that are genetically null for the menin partners may help sort out the
roles ofthese proteins, if any. in MEN1 pathogenesis. It also remains to be elucidated whether any
of the men in-interacting proteins are misexpressed or mislocalized in Menl null tissues. Given
their MEN-related phenotypes. crossbreeding studies between Menl mice and CDK4 and cyclin
D mutants might also provide additional suppor t for the involvement of Rb pathway members
in MEN I pathogenesis.

Lastly. its not clear why the loss ofMen1 gives rise to tumors in the endocrine organs and
not many other tissues where menin is normally expressed. The data from the crossbreeding
studies implicate p18 in MENI pathogenesis and biochemical studies support a role for p27.
However, p 18 and p27 can not alone account for the bias towards endocrine tumor formation



Functional StudiesofMenin through GeneticManipulation of the MenI Homolog in Mice 113

Table 3. Tumor formation in p18+, p27+, Rb-l/-, Menl -l/-, p18+; Menl -l/-, p27 +; Menl -l/-,
Rb</-; Menl </- and p18-1-; p27 -1- mice

Phenotype pt8+ p2J-1- Rb": Ment": pt8-!-; p271-; Rb" ; ptlJ--I-;

Ment": MenV' Ment v: p27 -1-

PituitaryTumor

Intermediate lobe

Anterior lobe

Both

Pancreas

+++ ++ +++

++

+++

++/+++ +++

+++

++

+

+

+++

++

+++

+++ +

+++

Hyper/dysplasia

Insulinoma

Thyroid

Hyperplasia/adenoma

C-cell carcinoma

Parathyroid

Adenoma

Testis

Leydig cell tumor

Adrenal

Cortical adenoma

Medullary

hyperplasia/adenoma

Pheochromocytoma

Lung

Adenoma

Adenocarcinoma

Neuroendocrine carcinoma

+

+

+

+

+

+

+

+

+

+

+++

++

+

++

++

+/++

++

+/++

+

+/++

+

+

++

+

+++

+++

+++

++

++

++

++
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+

+

+

+

+

++

+++

+++

++

+

+

+

+++

+

+++

+

++

Tumor incidences reported for pI8+, p27 -1-, Men1"- and pI8-1-; Ment« mice at 12-22 months.
'Tumor incidence at 3-12 months. + = 1-33%, ++= 34-66%, +++ = 67-100% .

in MENl , since their expression is reduced in M en] null nonendocrine tissues that do not
form tumors. includin g liver, fibroblasts and neural crest.IO

•
12

,21 Given the evidence support­
ing the role of menin as a transcriptional coregulator, we hypothe size that the specific bias
for endocrine tumo r formation in MEN 1 results from dysregulated expression of distinct
genes that are targeted by menin and its cofactors in the endoc rine tissues. One candidate,
ident ified through a genome-wide screen for menin target genes. is Hlxb9 , a developmentally
programmed transcription factor that is overexpressed in islets in the absence ofmenin.P The
absence of menin probab ly affects other endocrine-specific targets in addition to Hlxb9 and
its clear that the M en] mouse mutants will serve as a valuable resource for functionally testing
these candidates as they are uncovered.
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