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von Hippel-Lindau disease (WHL) is an an

von Hippel—Lindau disease

Xawvier M. Keutgen', Pascal Hammel, Peter L. Choyke®, Steven K. Libutti**, Eric Jonasch®
and Hectron Kebebew?

Abztract | von Hippel-Lindau (VHL) dizeaze iz a heritabls cancer-pradizpazition syndroms with
multisrgan invohement. Pancreatic lesions sre detected in spproximately fwo-thirds of patisntz with
VHL dizeace st some point during theirlifetime. In thezs patisntz, cystic pancreatic lesions are slmozt

excluzively banign and, unless symptomatic, do not require surgical or endozcopic intervention:
howaever, solid pancreatic lazsion: can often be recognized through imaging screens, snd ars
commaonly found to be nonfunctioning pancreatic neurcendosrine tumaours (pNETs) with malignant
potential The naturs history of these WHL-associsted pMETz iz variable, and lscks clinical or imaging
features that predict dizeaze progrezsion or metastatic potential, and generally needs to be managed
more conzarvativaly than their sporadic countarparts. Trestment options for zuch lesions, which
range from active surveillance to surgical intervention, can neverthele:s be azociated with
considersble morbidity and sven mortality, Of note, although seversl guidelines have bean
ectablizhad for the mansgemant of tumours azsociated with VHL syndrome, none of theze have
specifically focuzed on pancreatic besions Thus, we sim to charecterize the types of pancreatic
lezions mszociated with VHL dizsase and their natural history, to identify particular lesions that
necessitate trestment, and to define what forms of treatment should be undertaken.

I result in iderable morbidity, and unless patients

dominant, heritable cancer-predisposition syndrome
with a high penetrance of cancer'?. The incidence
of VHL disease is reported to be one in 36,000 Live
births in the USA, and the prevalence of the disease
is around one in 100,000 inhabitants in the USA'S
The disease ix caused by germline mutations in the
VHL tumour-suppressor gene, which is located on
the short arm of chromosome 3 (3p25-3p26)%°
Germline mutations associated with the discase ane
distributed widely across the coding sequence of VHLE.
The phenotypic presentations of VHL disease m:lud:
retinal and central nervouns system (CHE) k

are managed correctly, such lesions can result in lethal
metastatic disease.

Several guidelines for the management of VHL dissase
hawe been disseminated; however, these have not focused

spec:E:a]l]r on interventions for puu:nean: imvalwe-

This objective & pu:bmh:l—ynnwm:bcﬁuzabmd
5p-ect.ru.rnar" lth

endocrinclogists, medical oncalo-
gists, rad and — are inwalved in the

blastomas, endolymphatic sac tumours, cystadenomas
of the cpididymis, pheochromocytomas, renal cysts,
and renal-cell carcinomas (RCCs), as well as pancre-
atic neurnendocrine tamaours (pPNETE) and pancreatic
cysts™*. Maochidsty and mortality of patients with VEHL
disease is most commonly a result of CNS haemangio-
blastoma and/or RCC, which are observed in 60-80%
and 24-45% of patients, respectively’*. Nevertheless,
pancreatic lesions associated with VHL disease can

mamgunmtdsud: patients. W also propose what we
helicwe, based an the currently available evidence BOX 11,
o be the optimal management strategies for pancreatic
lesioms that arise in patients with VHL disease
Epidemiclogy of pancreatic involvement
Pancreatic lesions in patients with VHL discase can
mmurmusnbdmmn[ummmmdrfpmslmn
ple Cysis, or serous.

Corporation (SAIC)-Frederick, Inc., National Cancer Institute-Frederick, Frederick, Maryland, United States of America

Abstract

The von Hippel-Lindau (VHL) syndrome is a pleomorphic familial disease characterized by the development of highly
vascularized tumors, such as hemangioblasmmas of the central nervous system, pheochromocytomas, renal cell

il cysts and rine tumors of the pancreas. Up to 75% of VHL patients are affected by VHL-associated
pancreanc lesions; however, very few reports in the published literature have described the cellular origins and biological
roles of VHL in the pancreas. Since homozygous loss of VAl in mice resulted in embryonic lethality, this study aimed to
characterize the functional significance of VHL in the pancreas by (ondmonally macnvanng VhI utilizing the Cre/LoxP
system. Specifically, VhI was inactivated in different cell p by their roles during
embryonic organ development and their endocrine Imeage (ommltment With Cre recombinase expression directed by a
glucagon promoter in o-cells or an insulin promoter in -cells, we showed that deletion of VAl is dispensable for normal
functions of the endocrine pancreas. In addition, deficiency of VHL protein (pVHL) in terminally differentiated a-cells or B-
cells is insufficient to induce pancreatic neuroendocrine tumorigenesis. Most significantly, we presented the first mouse
model of VHL-associated pancreatic disease in mice lacking pVHL utilizing Pdx1-Cre transgenic mice to inactivate Vh/ in
pancreatic progenitor cells. The highly vascularized microcystic adenomas and hyperplastic islets that developed in Pdx1-
Cre;Vhi f/f homozygous mice exhibited clinical features similar to VHL patients. Establishment of three different, cell-specific
Vhi knockouts in the pancreas have allowed us to provide evidence suggesting that VHL is functionally important for
postnatal ductal and exocrine pancreas, and that VHL-associated pancreatic lesions are likely to originate from progenitor
cells, not mature endocrine cells. The novel model systems reported here will provide the basis for further functional and
genetic studies to define molecular mechanisms involved in VHL-associated pancreatic diseases.
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Introduction

The von Hippel-Lindau (VHL) syndrome is an autosomal,
dominant inherited disorder caused by mutations in the VHL
tumor suppressor gene. VHL patients are predisposed to develop
highly vascular tumors in multiple organs, including hemangio-
blastomas of the retina and central nervous system (CNS), clear
cell renal carcinomas, | cyst and

exine tumors in the pancreas [1]. This familial cancer syndrome is
caused by germ-line mutations in the VHL gene, which was
mapped to chromosome 3p25 by positional cloning [2]. Following

biochemical analysis of the VHL gene product has provided the
molecular basis that explains the phenotype-genotype correlations
evident in VHL disease [6,7,8,9].
At the molecular level, the von Hippel-Lindau protein (pVHL)
is a critical factor in the oxygen sensing pathway. Under normoxic
d pVHL forms a complex with E3 ubiquitin
ligase that fargets the o-subunits of hypoxia-inducible factor
(HIFg) for degradation by the proteosome [10,11]. Under hyposic
conditions, HIFo subunits escape ubiquitin-mediated proteolysis,
allowing HIFa to accumulate, translocate to the nucleus, and
activate targets. In subsets of VHL mutations, the

Knudson'’s two-hit hypothesis, loss or of the
wildtype allele is associated with VHL tumorigenesis [3,4]. The
spectrum of VHL tumors in affected families varies [5] and

B} PLoS ONE | www plosoneorg

lack of functional pVHL leads to accumulation of HIF, and results
in the activation of HIFe target genes even in the presence of
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Recapitulation of Pancreatic Neuroendocrine Tumors in Human
Multiple Endocrine Neoplasia Type | Syndrome via
Pdx1-Directed Inactivation of Men1

The utility of routine transcervical
thymectomy for multiple endocrine
neoplasia 1-related hyperparathyroidism

Resea

Anathea C. Powell, MD,* H. Richard Alexander, MD,* James F. Pingpank, MD,*
Seth M. Steinberg, PhD.,® Monica Skarulis, MD,® David L. Bartlett, MD,* Sunita Agarwal, PhD.*
Craig Cochran, RN, Geoffrey Seidel, RN," Douglas Fraker, MD," Marybeth S. Hughes, MD,*

. T i 1 - 1
Robert T. Jensen, MD,® Stephen J. Marx, MD,® and Steven K. Libutti, MD,” Bethesda, Md H.-C. Jennifer Shen, Mei He, Anathea Powell, Asha Adem, Dominique Lorang,

Charles Heller,' Amelia C. Gruver,' Kris Ylaya,2 Stephen M. Hewitl,2

Background. Operation for multiple endocrine neoplasia (MEN) I-related hyperparathyroidism (HPT) Stephen J. Marx.” Allen M. Spiegel. and Steven K. Libutti

includes a neck exploration with resection uf3.5 or 4 parathyroid glands and transcervical thymectomy T:-hmmr m Section, S ::is;ry B*m:;fdm’dhhm;&m uff:ﬂmhu National C-l;?m\:ﬂmd Mmlai; Dx:flxs Branch,
(TCT). We reviewed our experience with initial operation for primary HPT to determine the outcome and Bronx, New o st e T e
utility of routine TCT.

Methods. All patients with MENT who underwent initial neck exploration from 1993 to 2007 under an
institutional review board-approved protocol were reviewed.

Resulis. We identified 66 patients with initial operation for HPT in MENI. In 34 patients, 4 glands
were found: in 32 patients, <4 glands were found. In 2 of the 34 (6%) and 17 of the 32 (53%),
intrathymic parathyroid tissue was found on permanent pathology. No thymic carcinoid tissue was

Jfound in any specimen.

Conclusion. These data highlight the importance of performing TCT when <4 entopic parathyroid
glands are found at first operation. (Surgery 2008;144:878-84.)

Abstract

Multiple endocrine neoplasia type 1 (MEN1) is an antosomal
syndrome caused by mutations in the MENI tumor suppressor
gene. Whereas the protein product of MENI, menin, is
ubiquitously expressed, somatic loss of the remaining wild-
type MENI allele results in tumors primarily in parathyroid,
pituitary, and endocrine pancreas. To understand the endo-
crine specificity of the MEN1 syndrome, we evaluated biallelic

manifestations of the disorder by the fifth decade (3, 4), whereas
the carliest occurrence has been reported at 5 years old (5).
Consistent with Knudson's two-hit hypothesis for tumor suppressor
genes (6), MEN1 monoclonal expansion is initiated when loss of
heterozygosity (LOH) at 11q13 occurs in patients with inherited
germ line mutations of the MEN gene (7-9). Additionally, somatic
inactivation and LOH of the MENI alleles have been reported in a
variety of sporadic endocrme tumors, such as parathyroid

loss of Menl by inactivating Men! in pancreatic progenitor ~ @denomas and ic insulinomas (10, 11). fons in the
cells using the Cre-lox system. Men! deletion in progenitor ~ MENI gene seem to be inactivating and no clear genotype-
From the Tumor Angiogenesis Section, Suigery Branch,” if.w Biostatistics and Data Management Section, cells that differentiate into exocrine and endocrine pancreas ~ Phenotype correl have been for mutations

Office of the Clinical Director, Center for Carm'r Research,” National Cancer Institute, the Metabolic Diseases

Branch,” and the

MurtPLE ENDOCRINE NEOPLASIA TYPE 1 (MENI) is an
autosomal-dominant familial cancer syndrome
with a prevalence of 1 in 10,000 to 1 in ]00 000."
Endocrine manifestations include pituitary, para-
thyroid, and enteropancreatic endocrme neo-
plasms, as well as other rarer neoplasms.”® The
MENT gene and its protein product menin were
identified in 1997; most of the mutations predicted
a truncated protein product and, thus, suggest a
loss of function role for MENI in tumnngenesls

Primary hyperparathyroidism (HPT) due to para-
thyroid neoplasm(s) is usually the earliest and
most frequent manifestation of MEN] with a pen-
etrance of almost 100% by age 50.% Parathyroid

Supported by the intramural NTH programs of NCIand NIDDK.
Accepted for publication August 7, 2008

Reprint requests: Steven K Libutd, MD, Senior Investigator,
Head, Tumor Angiogenesis Section, Surgery Branch, Center
for Cancer Research, National Cancer Institute, 10 Center
Drive, 4W-5940, Bethesda, MD 20892. Frmail: libuttis@mail.
nih.gov.
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Digestive Diseases Branch,” National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, Bethesda, Md

disease in MENT patients is multiglandular in na-
wure secondary to its hereditary basis, and all para-
thyroid tissue is generally considered abnormal or
at high risk for nenplasms.%

The recurrence rate for HPT in sporadic pa-
tients has been reported to be approximately 2%."
Recurrence rates in MEN1 patients are much
greater, ranging from 14% to 69% depending on
the nperannn performed, time after operation,
and series.”® The high recurrence rates and under-
standing of the underlying genetic mechanisms
have led to efforts to clear as much abnormal par-
athyroid tissue as possible without causing perma-
nent hypoparathyroidism.

Transcervical thymectomy (TCT) has often
been performed with neck exploration in MENT
patients and mainly at initial parathyroidec-
Lomy."m The rationale for this has been concern
that there may be ect 1I;uc or missing parathyroid
tssues in the thymus.  An association between
highly aggressive thymic carcinoid neoplasms and
MENT has also been described.'®™* However, no
study has studied systematically the yield of these
tissues in thymectomy specimens performed with
parathyroid resection in MENI patients. We

on October 17,2017

did not affect normal pancreas morphogenesis and develop-
ment. However, mice having homozygous inactivation of the
Menl in pancreas developed endocrine tumors with no
exocrine tumor manifestation, recapitulating phenotypes seen
in the MEN1 patients. Tn the absence of menin, the endocrine

detected along the coding sequence of MENI in both familial
and sporadic tumors (12).

The protein product of MENI, menin, does nat display
significant homalogy to any known family of proteins, and it has
been described predominantly as @ transcriptional regulator by
with nuclear proteins, such as JunD, nuclear factor+E,

pancreas showed increase in cell proli larity,
and abnormal vascular structures; such changes were lacking
in exocrine pancreas. Further analysis revealed that these
d ions were d with up-regul
in vascular endothelial growth factor cxpression in both
human and mouse MENI pancreatic endocrine tumors.
Together, these data suggest the presence of cell-specific
factors for menin and a ive endocrine envi for
MEN1 fumorigenesis in endocrine pancreas. Based on our
analysis, we propose that menin’s ability to maintain cellular
and microenvironment integrity might explain the endocrine-
restrictive mature of the MENI syndrome. [Cancer Res
2009,69(5):1858-66)

Introduction

Multiple endocrine neoplasia type 1 (MEN1:; OMIM 131100) is a
dominant inherited synd cansed by in the MENI
tumor suppressor gene (1, 2). Patients with a family history of the
MEN1 syndrome are predisposed to develop multiple endocrine
tumors, primarily affecting parathyroid, anterior pituitary. and
pancreatic islets. More than 95% of MEN1 patients develop clinical

Note: Supplementary data for this article are available at Cancer Research Online
(httpe/feancemesaserjournals.org/)
for reprints: Steven K. Lbuttl Tumor is S Surgery

Branch, National Cancer Insticute, Bulding 10, Room. 4W-5940, 10 Center Diive,
Bethesda, MD 20892. Phone: 301-496-2195; Fax: 301-480-3825 E-maik
Steven_Libuttigmih gov.

2009 American Association for Cancer Research.

o 10.1158/0008- 5472 CAN-08-3662

Smad3, and FANCD2 (13, 14). Further biochemical studies have
shown that menin complexes with mixed-lineage lenkemia protein
to regulate gene expression via chromatin modification in mouse
embryonic fibroblast cells (15), bone marrow cells (16), and human
Hela and leukemia cells (17, 18). Similar epigenetic regulation by
menin has also been reported in endm:rme tumors, wherein menin
‘modulates histone hylati of cyclin-d d
kinase inhibitors, p27 and p18 [19), Maore recently, menin has been
implicated in the control of pancreatic B-cell growth during
pregnancy (20). Together, these studies have broadened our
knowledge of the bi p ogic, and path roles
of menin in both endocrine and nonendocrine contexts.

Using mouse models to understand the human MEN1 syndrome
has proved to be informative (21-23), perhaps due to the highly
conserved genomic structures, nucleotide (89% identity), and
amino acid (97% identity) sequences shared by mouse Men! and
human MENI genes (24, 25). Although mice deficient of both Men!
alleles die in wtero at E115-13.5 with developmental defects in
multiple organs, mice heterozygous for Men! deletion develop
endocrine tumors at maturity, similar to those found in human
MEN1 patients (21, 22, 26). To circumvent the embryonic lethality,
conditional inactivation of Meni has further confirmed that
biallelic loss of menin in endocrine tissues can lead to the
development of parathyroid adenoma (27), pancreatic insulinoma.
(28, 29). and pituitary prolactinoma (30). These observations are
reminiscent of the tumor spectrum observed in mice with
heterozygous germ line deletion of Menl, as well as human
MEN1 patients. Whereas the generation of mouse models has
effectively mimicked the human MEN1 syndrome, the mechanisms

‘Cancer Res 2009; 69: (5). March 1, 2009 1858

www .aacrjournals.org

Downloaded from cancerres_aacrjournals.org on October 17, 2017. © 2009 American Association for Cancer
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Somatic and germline CACNA 1D calcium channel
mutations in aldosterone-producing adenomas and

primary aldosteronism

Ute 1 Scholl' 215, Gerald Goh! 215, Gabriel Stilting™'%, Regina Campas de Oliveira!, Murim Choil.25,

John D Overton! S, Annabelle 1. Fonsecaf, Reju Korah¥, Lee F Starker7, John W Kunstman€, Manju L Prasad®,
Erum A Hartung?, Nelly Mauras!?, Matthew R Benson!?, Tammy Brady!. Jay R Shapiro!?, Erin Loring!2,
Carol Nelson Williams'?, Steven K Libutti"%, Shrikant Mane'®, Per Hellman”, Gunnar Westin’, Garan Akerstrom’,
Peyman Bjorklund?, Tobias Carlingé!4, Christoph Fahlke?, Patricia Hidalgo® & Richard P Lifton!-2%

Adrenal aldosterone-producing ads (APAS)

produce the salt retaining hormone aldosterane and are a
commaon cause of severs . Recurrent mutations
inthe porassum channel genie ACAS that resultincoi
rization and Ca®* influx cause ~40% of these lumors!.
m

A sclitary; thei orates hypersension, KCNJS
mstations alter channel selectivity. allowing Na' candactance. Na*
influx resulis in cell depolarization, the activation of voltage gated
% channels, aklosterone produsction and cell proliferation. These
mutations. a:emfenzd o he sufficient for APA formation becanse

e 5 somatic mutations (3
1 altering [1e770) in CACNATD, encoding a

calcium channel, amang 43 APAs without mutated :(m;

‘The altered residues lie in the S segments that line the channel
pore. Bath alterations resull in channel activation at less

and massive adrenal
hypelphm}m!! ld.umzanCN}i ‘mutations in the germline!

£14 APAs and masched
line DNA. All ffected indivalasls had bypericasion wilh =Iev-n=d

depularzed potentials;Clyso3 aherations sl impaiechanne (pun el jcal F APA r.bm]

nactivation. These effects are inferred 1o cause incs - APAs! 10 b
Fih influx, which & a sufficient stimuls for aldosterone el of 13 APAS) Wzsequzn:ndﬂmp&smhghmng and ealled
in adrenal Table 2).

We also identified de novo germiine mutations at N‘lmll(il
pasitions in two children with a previously undescribed

The mean samatic mutation mlzwuln 3 107 mutations per base,
i e of .7 slent and .1 proeis sleiog rommtic mtations

syndrome featuring primary
abnormalities. These findings implicate gain-of-function Ca+

ig. 1)
P o e 1o AP ms.mmm.; ‘matations in KCNJS

channel mutations in APAS

ag p-Gly1 5L Adg or p.Les 68 Asg).and ome had a knows -
ian in CTNNE i 5Pk, ol

found &

ing) or ia?. Aldosterane

tamars.
20 e, CACNAID, s oad somatic mutatians in more than

ion frisang o
tinal and renal Na+ and CI- sbsorpeion and reabsarption, respectively.
Consitutive produsction of aldosterane (primary ldosteronism)
resultsin hypertension, oficr assaciated with Fypokalemiz®. About 5%

M 128840 20

umm;c! and pHeT70Met {04_00
different isoform, NM_0L1285
without KCNJS ar CTN? srmmnn,n Both mutations were

cred 1oy son linics (112 10 million people
24, APAsase typically well

P I (absest from n public and
s Fimed by

sy A Insttsss, Babmers, Maryiznd, USA. S0k

USA. Zinsitute of . et -
Sulo Hares any. S Cantor for Mancalsn Gsnambcs, Now

ar, 3 spariman
avoe, Connecsicul. FSA. “Degartmaed of Sagical Scuncas, Upgeala
‘en

Conlar ac At Eltt Collgeof Wi, o, N Yor. USA. *Ta Canca Casa, Tl sy o of Madce, Nw avn, Comnuclce,
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ARTICLE

Insights into beta cell regeneration for diabetes via
integration of molecular landscapes in human
insulinomas

Huan Wang'2'4, Aaron Bender?3, Peng Wang?, Esra Karakose?, William B. Inabnet?, Steven K. Libutti®,
Andrew Arnold®, Luca Lambertini”, Micheal Stang®, Herbert Chen®, Yumi Kasai'®, Milind Mahajan',

Yayoi Kinoshita", Gustavo Fernandez-Ranvier?, Thomas C. Becker'?, Karen K. Takane® 3, Laura A. Walker?,
Shira Saul® 3, Rong Chen'"%, Donald K. Scott?, Jorge Ferrer® ™, Yevgeniy Antipin''4, Michael Donovan",
Andrew V. Uzilov'™, Boris Reva', Eric E. Schadt® "™, Bojan Losic!, Carmen Argmann' & Andrew F. Stewart®

Although diabetes results in part from a deficiency of normal pancreatic beta cells, inducing
human beta cells to regenerate is difficult. Reasoning that insulinomas hold the “genomic
recipe” for beta cell expansion, we surveyed 38 human insulinomas to obtain insights into
therapeutic pathways for beta cell regeneration. An integrative analysis of whole-exome and
RNA-sequencing data was employed to extensively characterize the genomic and molecular
landscape of insulinomas relative to normal beta celis. Here, we show at the pathway level
that the majority of the insulinomas display mutations, copy number variants and/or dys-
regulation of epigenetic moditying genes, most prominently in the polycomb and bithorax
families. Importantly, these processes are coupled to co-expression network modules asso-
ciated with cell proiferation, revealing candidates for inducing beta cel regeneration. Vali-
dation of key computational predictions supports the concept that understanding the
molecular complexity of insulinoma may be a valuable approach to diabetes drug discovery.

Tre

New York, NY 10029,
JSA 4 The Departmeet of S
ty. New Brurswick

The Deparie
00 Matabose nuts, The
i ot Mt i New Yk, NY 10029, USA.2he

18767 oot 2 v " 1

(it AAS

Association for
Academic Surgery

Research Letter

;s rm

Mutations in CDKN2C (p18) and
CDKN2D (p79) may cause sporadic

parathyroid adenoma

Dear Editor

Hyperparathymidism (HPT) can arise from germiine
mutation of multiple endocrine neoplisia type 1
(MENI), CASR, o HRPT (HRPTI; Marx 2011). Récent
studies akio suggested that germline mutation of several
plndependers inse iabiors CDKS) s an wncom
mon crke of HPT (Peloguns 4 o1, 2006, Aganeal & 4t

of sporadic parathyroid tumors (Marx 2011). Soreening &

2008, van Veelen & ul. 2009). COKN2D encodes plo,
which 15 closly wlsted 1o pI8 but mot previously
comsidered 54 & tamor Sappressor.

One parsthyroid tumor showed 3 deletion in the
P15 gene and one showed an inertion in pIS;
nether change was found in the patient’s grmine
In the first (pLAF7ITer) a ZS-nucleotide deletion
st €.1427_134del causes & stop codon at Phe 7L In
the scond (PISVIIBERE), & two-nucleotide insertion
€1567_1560nSGG causes 3 frameshie, ollowsd by

small mumber of 5 by thes,
Liing whels cxome scquencing analyss, 41 not show
amy CDKI gene mutation (Cromer e af. 2012, Newey fal.

docrine Relsted Garcer

nd none of the five wers unequivocally & pathalogical
2013). We further ewalusted whether some cases of
pomdic parathyroid adenoma are caused by somatic
mutation in CDKlgenes.

‘We evalusted tumors from 42 patients, who undenwent
parsthyroid surgery at NIH. Each paient had a pos
operative diagnosis. of sporadic parathyroid adenoma.
Esch patient gave written informed consent 10 & prosocol

protein. The chromstograms in Fig 1A and B show
owerlapping WT and mutant sequences, Indicating hetero-
zygasity or normal admixtuse. Westem blots show stable
expeession of transfectsd WT pi (Fig 24, liné 2) and

lines 3 and 5). Transfection elficiency was checked
“ith NPEIl snd did not vary sgnificantly betwesn Lanes
ot shown)

The pI® A164T change in two paathyroids is absent
i the gemmline of one patient but present in the germline
of the other; the p19 V1234 change & absent in the
patient’s germline (Supplementary Fig 14 and B, see
section on supplementary data given st the end of thi
articke). Transient trnstection experiments demonstrate
that both pI9 changes me stably expressed st levels

that had been y the NIDDK I y—
See Supplementary Mateniaks and methods, see
seetion on upplementary dats given st the end of
this articke.
In 42 spordic parathyroid adenoms, we found 15
SNPS. plus one delétion and oné insértion smong the
coK,
indels, the remaining SNPs were previously reported
(Supplementicy Table 1, 42 saction on supplmentary
Gata gven at the end of this artkk). Four wnreported
variations were found in CIKNZC and CDENZD. COKN2C
encodes IS, & known tumor supprasor (Solomon ot al.

P WT (g, 28,

Each of the seven CDKs is comerved and consists
of four or e snkydn repest motfs (Li &t al. 2006).
Misense mutations, thought to contribute 10 tumor-
senesis by INK4 CDKI protelns, ocour throughout the
Bost four ankysin repesss; they disrupt interactions with
CDKs o1 with other proteins (Baumgartner <€ al. 1995,
Lictal 2005).

Even if expresed in viva, neither of the cbierved
pI% truncation muants is likely to be active. The 70
aming acid pLB F71Ter lacks two of the fowr ankyrin
sepeats rquind for known interactions with CDKA
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Loss of MEN1 activates DNMT1 implicating DNA hypermethylation
as a driver of MEN1 tumorigenesis
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Multiple

type 1 (MEN1)

results from ions in

the MENI gene and causes tumor formation via largely unknown mechanisms. Using a
novel genome-wide methylation analysis, we studied tissues from MEN1-parathyroid
tumors, Men knockout (KO) mice, and Men1 null mouse embryonic fibroblast
(MEF) cell lines. We demonstrated that inactivation of menin (the protein product

of MEN1) i activity of DNA

1 (DNMT1) by

activating retinoblastoma-binding protein 5 (RbbpS). The increased activity of DNMTL

diates global DNA

‘which results in aberrant activation of the

Wnt/B-catenin signaling pathway through inactivation of Sox regulatory genes. Our

study provides important insights into the role of meni

in DNA methylation and its

impact on the pathogenesis of MEN1 tumor development.
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