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ABSTRACT

Studies in hereditary cancer syndromes have beaniatrin the localization and
identification of many cancer genes involved inhbdamilial and sporadic cancers.
Detection of genetic alterations in cancer susbépyi genes has provided implements for
genetic testing and follow-up of individuals withcreased cancer risk. Understanding of
the molecular mechanism of tumorigenesis has pealvighols for the development of
better treatment and targeted drugs for cancer.

In this study, a predisposing gene for a receribracterized cancer syndrome, hereditary
leiomyomatosis and renal cell cancer (HLRCC), wiemntiified and the role of the gene
was investigated in other familial cancers andansyndromic tumorigenesis. HLRCC is
a dominantly inherited disorder predisposing preitamily to uterine and skin
leiomyomas, and also to renal cell cancer and ngdgiomyosarcoma. The disease gene
was recently localized in Finnish families to 1gg¥3 by a genome-wide linkage search.
Independently in the UK, a clinically similar cotidn, multiple cutaneous and uterine
leiomyomata (MCUL), was linked to the same chronmogbregion, strongly suggesting
that HLRCC and MCUL are actually a single syndroiriekage results were confirmed
by detecting loss of heterozygosity (LOH) at theedise locus in most of the patients'
tumors, suggesting that this predisposing gene ast& tumor suppressor. Through
detailed investigation by genotyping of microsattelmarkers and haplotype construction
in Finnish and UK HLRCC/MCUL families we were aliie narrow the disease locus
down to 1.6 Mb. Extensive mutation screening ofwnand predicted transcripts in the
target region resulted in identification of the HLRB predisposing gendumarase
(fumarate hydratase, FH). FH is a key enzyme in energy metabolism, catatyfumarate

to malate in the tricarboxylic acid cycle (TCAC)nmtochondria. Germline alterations in
FH segregating with the disease were detected in f2820HLRCC/MCUL families
including whole-gene deletions, truncating smallletiens/insertions and nonsense
mutations, as well as substitutions or deletionkighly conserved amino acids. Biallelic
inactivation was detected in almost all studied dtsrof HLRCC patients. Furthermore,
FH enzyme activity was reduced in the patientsmabrtissues and was completely or
virtually absent from tumors. Based on these figdjnwe extensively demonstrated that
mutations inFH underlie the HLRCC/MCUL syndrome. In our studidsother familial
cancers, evidence for involvement leifl defects was not found in familial prostate and
breast cancers.

To investigate the role of FH in sporadic tumoriges, we analyzed 652 lesions,
including a series of 353 nonsyndromic counterpaftdumor types associated with
HLRCC. Mutations in nonsyndromic tumors were rarel appeared to be limited to
tumor types observed in the hereditary form of dis=ase. Biallelic inactivation of FH
was detected in a uterine leiomyosarcoma, a cutenkedomyoma, a soft-tissue sarcoma,
and in two uterine leiomyomas. In the uterine lefosarcoma and the cutaneous lesion
FH mutations originated from the germline whereas sbé-tissue sarcoma harbored
purely somatic changes. In uterine leiomyomas siemmatitations were detected in the
two out of five tumors with LOH at th&H locus. Our findings demonstrate that FH

10



inactivation is also involved in nonhereditary tundevelopment, and further support the
hypothesis that FH acts as a tumor suppressor. roleeof FH in predisposition to
malignancies, renal cell carcinoma and leiomyosaeces important in the diagnosis and
prevention of cancer among HLRCC patients. Thislystis of general clinical interest,
because prior to our findings, little was known atbthe molecular genetics of uterine
leiomyomas, the most common tumors of women. Diegpwf FH and other TCAC
defects in tumor predisposition adds to our knogtedf the contribution of basic
metabolism to tumor pathogenesis.
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REVIEW OF THE LITERATURE

1. Genes and cancer

Cancer is a genetic disease. A malignant tumorldpsehrough accumulation of genetic
changes in proliferating cells (Fearon and Vogaiste990). These changes include
activation of oncogenes, dysfunction of stabilitgngs (caretakers), or inactivation of
tumor suppressor genes (Vogelstein and Kinzler R0Akhough multiple changes are
required for malignant transformation, only a liesit number of molecular pathways
contribute to most cancers (Hahn and Weinberg 2002)

The major knowledge of cancer genes is still basedare, high penetrance alleles which
have been identified using genetic linkage and tjposl cloning. Although the
contribution of these genes in sporadic lesions basn extensively evaluated, the
molecular events in common cancer have remainel@amc

1.2. Oncogenes

Oncogenes are excessively activated counterpapsotdoncogenes, which are involved
in normal cellular signaling. In cancer, protooneongs are activated through
chromosomal amplification, rearrangements, or atitig point mutations, leading to
excessive cell proliferation or aberrant differation (Bishop 1991).

Most of oncogene alterations occur at the somatielland are common in many tumor
types (Tumor Gene Database, http://condor.bcm.tinfoacogene.html). RAS genes are
the most frequently mutated oncogenes in humanecacells (Giehl 2005). Aberrant
activation of RAS proteins is involved in practigalall processes of malignant
transformation, such as gene expression, cell cyobgression, apoptosis, exocytosis,
aberrant angiogenesis, tissue invasion, and msiag&ymons and Takai 2001, Campbell
and Der 2004). RAS proteins are members of a lsaugerfamily of over 100 small GTP-
binding proteins, commonly classified into six sarfflies (Takaiet al. 2001). In human
tumors, the majority of RAS mutations occur in tiesten type Harvey sarcoma virus
homolog (K-RAS) gene (Giehl 2005). Mutation&-RAS activation is involved in most of
pancreatic adenocarcinomas and in third of lungamadrectal cancers (Almogueehal.
1988, Rodenhuist al. 1988, Bo%t al. 1987).

Inherited oncogene mutations are rare comparedniasc alterationdRearranged during
transfection protooncogene (RET), v-kit Hardy-Zuckerman 4 feline sarcoma viral
oncogene homolog (KIT), met protooncogene (MET), and cyclin-dependent kinase 4
(CDK4) are probably the only known high-penetrance ongegemutated in familial
cancers. Multiple endocrine neoplasia type Il (MEN& characterized by medullary
thyroid carcinoma and pheochromocytoma (Schimke dddrtmann 1965). A
predisposing germline mutation, and subsequentijtiadal somatic changes, were found
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in the RET protooncogene of MEN2 families (Mulligaet al. 1993, Quadret al. 2001).
Mutations in theKIT gene can be found either somatically or in thengjee, underlying
gastrointestinal stromal tumor predisposition (khret al. 1998, Nishidaet al. 1998).
MET mutations were first found in the germline of afeel members of hereditary
papillary renal cell carcinoma (HPRC) families, asubsequently also in sporadic cases
(see section 3.2.3) (Schmidt al. 1997). CDK4 is included in protein complexes
controlling passage through the G1 checkpoint efaall cycle (Sherr 1993). Germline
mutations in CDK4 have been detected, though very rarely, in famielignant
melanoma (FMMY)Zuo et al. 1996).

1.3. Stability genes

Stability genes, also referred to as caretakemmnpte tumorigenesis in a totally different
way than do oncogenes and tumor suppressors. iBtg@hes keep genetic alterations at a
minimal level, and when inactivated mutations imest genes occur at higher levels,
whereas tumor suppressors and oncogenes accefmapdastic growth by increasing
tumor cell number through stimulation of cell pfetation or the inhibition of apoptosis
or cell-cycle arrest (Friedberg 2003, Vogelsteinl &ainzler 2004). Although potentially
all genes are targets of increased genomic ingigbibnly somatic mutations in
oncogenes, tumor suppressor genes, or other Stab#ines are critical for tumor
development (Akiyamat al. 1997).

Stability genes include mismatch repair (MMR), matide-excision repair (NER), and
base-excision repair (BER) genes responsible fmireg normal DNA replication errors
(Friedberg 2003). Failures in these systems cahtteaccumulation of somatic mutations
in cells and, accordingly, increased predisposition severe conditions. Germline
mutations in the MMR genedILH1, MSH2, PMX2, and MSH6 have been found to
predispose to HNPCC (Fishet al. 1993, Leachet al. 1993, Bronneret al. 1994,
Papadopoulost al. 1994). Because simple repetitive sequences ateydarly prone to
replication errors, microsatellite instability (MStan be used as a landmark in HNPCC
(lonov et al. 1993). Other stability genes control chromosontabifity, through such
processes as mitotic recombination and chromosmegtegation. Mutations in, for
example,BRCA1 and BRCA2 predispose to familial breast cancer (Miial. 1994,
Woosteret al. 1995).

1.4. Tumor suppressor genes and loss of heterozygos ity (LOH)

Most hereditary cancer syndromes are caused bytiongain tumor suppressor genes.
These genes are needed to keep cells under c@vitradhall 1991). Compared to sporadic
cases, patients with germline mutations have aehnigisk of developing secondary
malignancies, and are prone to get cancer at agguage. Tumor suppressor genes are
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typically involved in the transduction of extra loér signals, regulation of transcription,
or controlling the cell cycle (Smitét al. 1998).

Several tumor suppressor genes predisposing talitene cancer syndromes have been
shown to be a key element also in nonsyndromic eran(Bishop 1991, Soussi al.
2005). Many of these genes have been found to bmtesuand involved in cancer
progression at a somatic level. Tumor protein TR58ne of the best examples of these
functions. ThelP53 gene is inactivated in approximately 50% of hurnancers, in most
cases only in somatic cells (Harris 1996, Soessil. 2005, Soussi and Lozano 2005).
Germline mutations infTP53 predispose to Li-Fraumeni syndrome, but have aksen
reported in many sporadic cancers (Makial. 1990, Camplejohn and Rutherford 2001).

The main evidence for the presence of tumor suppragenes was provided by a study by
Knudson (1971), where he suggested that two ewsate required for retinoblastoma

development. In hereditary cases, one mutation dwgsirred in the germline and is

inherited. The second mutation has taken placdeatsomatic level and is typically a

deletion of a larger chromosomal region containitite respective gene. Such
chromosomal events result in homozygosity of thgiorg i.e. loss of heterozygosity

(LOH) (Figure 1). These two genetic events in theu#son’s model were afterwards
shown to represent biallelic inactivation of a tumeuppressor gene, human
retinoblastoma (RB) (Leeet al. 1987).

Normal cell Cancer cell
Hereditary
cancer g or

1. mutation 2. mutation

Normal cell Cancer cell

Sporadic — — or

cancer

1. mutation 2. mutation

Figure 1. Loss of heterozygosity (LOH) in hereditary and sporadic cancer. Typically, two events
are needed to inactive a tumor suppressor gene. In hereditary cancers, the first mutation is
inheritedin all cells. In atumor cell of the target tissue a loss of a wild type allele through
deletion of the chromosomal material leads to inactivation of a possible tumor suppressor gene.
The s hit can also be a point mutation in another allele. In sporadic cancers, both events take
place in a somatic cancer cell.
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Inactivation of VHL, the second example of classical tumor suppregsoes, has been
shown to predispose to von Hippel-Lindau syndrowidl, OMIM 193300) (Latifet al.
1993, Crosseyet al. 1994). VHL is a dominantly inherited familial carcsyndrome
predisposing to a variety of malignant and benigoptasms, most frequently renal cell,
retinal, and spinal hemangioblastoma carcinoma,ogtm®mocytoma, and pancreatic
tumors (see section 3.2.1.) (Neumann and Wies8iet )L

2. Uterine leiomyomas

Uterine leiomyomas (fibroids) are the most commandrs in women, being present in at
least 25% of women (Buttram 1986). Most myomassgraptomless leading to possible
underestimation of the prevalence. Careful pathoddgexamination with new imaging
techniques suggests that the prevalence is as dggli7% (Cramer and Patel 1990).
Despite their benign nature, uterine fibroids amggaificant health issue. Although most
myomas are symptomless, many women suffer from rabdd pain, abnormal bleeding,
and reproductive dysfunction (Stewart 2001). Uenmyomata is the leading cause for
hysterectomy in many countries.

Myomas arise from the smooth muscle cells of tkerus. The pathophysiology of
myomas is not well understood. It is known that mgs follow life-cycle changes of the
reproductive hormones estrogen and progesterona @e0). It has been proposed that
risk factors associated with uterine leiomyomashsas early menarche, obesity, diet, and
smoking act by regulating these hormones (Fkilat. 2003). The most common pathway
to myoma development includes the transformatiomarimal myocytes into abnormal
ones (Cramer and Patel 1990). Mosaicism is a fragfieding in uterine leiomyomas
with chromosomal rearrangements (Xet@l. 1997, Grosgt al. 2004).

Little is known about the molecular background loéde lesions. Mutation analyses of
candidate genes such @B53, P53-binding protein gene(MDM2), K-RAS, and CCAAT
displacement protein (CDP) have been negative ((Hal al. 1997, Patrikiset al. 2003).
Other than activating(-RAS mutations reported in one study, no specific pontations
underlying nonsyndromic leiomyomas have been ifledtiHowever, the contribution of
chromosomal rearrangements to the developmentesktkesions has long been evident
(Pandiset al. 1991, Hallet al. 1997).

Nonrandom chromosomal abnormalities have been wid$en 40 to 50% of surgically
removed uterine leiomyomas (Fla&eal. 2003). The most common cytogenetic changes
are translocations between chromosomes 12 and024)(2leletions and translocations in
chromosome 7q (17%), trisomy of chromosome 12, amdde variety of aberrations of
6p21 (< 5%) (Meloniet al. 1992, Ozisiket al. 1993, Sargenét al. 1994, Ishwacet al.
1995, Sornbergest al. 1999, Ligon and Morton 2000). Cytogenetic abnoitieal similar

to fibroids have also been observed in other mésanal tumors, such as lipomas and
hamartomas (Dal Ciet al. 1997, Talliniet al. 1997, Xiaoet al. 1997). Rearrangements in
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chromosomes 12 and 14 typically include the trazadlon t(12;14)(g15;923-g24),
involving a chromosomal segment of a gene encodingember of the high mobility
group proteinsHMGAZ2 (Pandiset al. 1990, Mineet al. 2001). Altered gene expression,
the aberrant splicing (iMGA2, or cytogenetic translocation leading to chiméugion of
HMGA2 and a target gene are frequent events in utegineniyomas (Tallini and Dal Cin
1999). HMGA2 and the DNA repair genBAD51L1 have been hypothesized to create
pathologically significant fusion transcripts (Takahiet al. 2001). AlthoughHMGA2-
RAD51L1 fusion transcripts or their incorrectly spliced@ucts have been detected, the
pattern of rearrangements suggests that dysredukpression oHMGA2, not the
formation of fusion transcripts, is the principlechanism in the development of uterine
leiomyomas (Quadet al. 2003). Elevated expression of thigh mobility group AT-hook

1 (HMGA1) gene has also been observed in uterine leiomyoifias. dysregulating
mechanism may be similar tBIMGA2 including post-translational modifications or
cytogenetic rearrangements at HdGAL locus on 6p21 (Sornbergetral. 1999).

Consistent with cytogenetic studies, molecular geramalyses have confirmed the loss of
genetic material on 7921-q32, suggesting the Ipaatin of a tumor suppressor gene
important for myoma development in this region sl et al. 1997, Macet al. 1999). In

a genome wide allelotyping effort, LOH was obseread/q22-g23 (9%), 1942-q42 (2%),

and 16g12-g22 (2%) (Maet al. 1999). Although the minimal commonly deleted regio

on 7922 has been recently reduced to 2.3 Mb, neatiae gene to uterine leiomyoma
predisposition has been successfully identifiethis region (Vanharant al. 2005).

The animal model for human tuberous sclerosis, ther Ekt, shows additional evidence
that HMGAZ2 plays a key role in human uterine leiamgata (Everitiet al. 1995). In the
majority of Eker rat myomas HMGA2 protein is expesss while in the normal
myometrium HMGAZ2 is completely lost (Hunter al. 2002). Eker rats are heterozygous
for mutations in thetuberous sclerosis complex-2 (TSC2) tumor suppressor gene,
segregating uterine leiomyomas and leiomyosarconeas| cell carcinomas (RCC), and
hemangiosarcomas of the spleen (see section 3(Bli#g et al. 1999, Cook and Walker
2004).

Genome wide gene expression studies provide nees ¢tu pathways contributing to the
pathogenesis of uterine leiomyomas. A comparativalyais of nine gene expression
studies revealed common genes aberrantly expréased/omas (Arslaret al. 2005).

Under-expression adlcohol dehydrogenase 1A (ADH1) and aldehyde dehydrogenase 1

(ALDH1) in uterine leiomyoma compared to normal myometriconld potentially link

HMGA1/2 related chromosomal aberrations to the esgion data. The HMG protein
competitively binds to the ADH classHNF-1/HMGL1 promoter, affectingADH1 gene

transcription (Edenberg 2000). Arslaat al. (2005) concluded that there is a co-
requirement of increased estrogens and retinoid #wt promote tumor growth. Up-
regulation of insulin growth factor 2 (IGF2) andwdweregulation of IGF binding proteins
(IGFBP) have been the most regular observation yoma expression studies. IGF2 is
known to be involved in cell proliferation and @iféntiation. Furthermore, extra cellular
matrix formation through transforming growth factoeta (TGFB) and dermatopontin
(DPT) signaling has been suggested to play an irapbrole in uterine myoma formation.
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2.1. Genetic predisposition to leiomyomas

The hereditary form of uterine leiomyoma is normaligcussed in the context of multiple
cutaneous and uterine leiomyomatosis syndrome (MCUlhe first report on the
hereditary form of cutaneous leiomyomatosis wasdtam an lItalian family with three
affected half first cousins. (Kloepfet al. 1958). A cutaneous leiomyoma family with
uterine myomata was described by Mezzadra in 19&zfadra 1965). Autosomal
dominant inheritance with decreased penetranceswpported by these pedigrees. The
inherited disorder, characterized by the appearahcgerine leiomyoma and/or multiple
cutaneous leiomyoma, was called Reed’s syndromedReal. 1973). Other family
studies have further defined the role of the héabté component in myomata. A study of
97 leiomyomata families showed that the prevalesfoaterine fibroids is 2.2-fold higher
in families with two or more affected individualsan in controls (Vikhlyaevet al. 1995).
Furthermore, in twin-pair studies, the hysterectaatg in monozygotic twins was 2-fold
higher than in dizygotic twins (Treloat al. 1992). An average estimate of familial risk in
the first degree relatives of affected probandspgroximately 25%, and heritability
according to recurrence rate in siblings is 0.Z2B(0Kurbanoveaet al. 1989a, Kurbanova
et al. 1989b, Sniedest al. 1998, Luotcet al. 2000). These findings of a significant genetic
factor in uterine myomata predisposition are corbpatvith the observation of 2-3-fold
higher incidence of fibroids in African-Americanathin Caucasian women (Kjeru#f al.
1993, Marshalkt al. 1997). Clinical and molecular features in familiderine myomas
are different from their sporadic counterparts ([Oket al. 2005). Significantly higher
incidence of abdominal swelling, dysmenorrhoeapdysunia, and early onset of disease
in cases with family history of fibroids comparem those without have been reported.
Additionally, patients with a family history of ®myomas more often have various
cancers, mainly in breast, stomach, and oesoph@ikao et al. 2005).

3. Renal cell cancer (RCC)

Kidney cancer accounts for approximately 2% otaltcer cases worldwide (McLaughlin
and Lipworth 2000). Benign papillary adenomas dre most common lesions of the
kidney (Van Poppeé&t al. 2000). Renal oncocytoma comprises about 3 to 5%eiwél
neoplasms in surgical series (Kovatsl. 1997). The third subclass of benign neoplasms
includes metaphoric adenomas and adenofibromas. nfdgnant tumors are almost
exclusively renal cell carcinomas originating frohe epithelium or collecting tubules of
the kidney. Based on morphological features, RC@ ba divided into clear cell
(conventional, non-papillary), papillary (chromophchromophobe, collecting duct, and
unclassified subtypes (Kovaesal. 1997, Storkekt al. 1997).

Clear cell carcinoma accounts for 70% of maligmangl neoplasms (Storketial. 1997).
The great majority of these tumors are comprisedigrenantly of cells with clear
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cytoplasm. The growth pattern may be solid, trelmcutubular, or cystic with a
characteristic highly branching vascularity patt@Reuter and Presti 2000).

Papillary renal carcinoma is the second most commafignancy of the renal tubular
epithelium and accounts for approximately 10% fesa(Kovacst al. 1997). Papillary
RCC is typically divided into two morphologicallystinct subgroups (Delahunt and Eble
1997). Papillary type | tumors consist of papile® tubular structures covered by small
cells with pale cytoplasm and characterized by k@il nuclei with inconspicuous
nucleoli, frequent glomeruloid papillae, and foamgcrophages in papillary cores. Type 2
tumors consist of papillae covered by large ceith woluminous eosinophilic cytoplasm
and characterized by pseudostratified and largelenuwith prominent nucleoli,
glomeruloid papillae, and edematous papillae. T¥gemors are larger and occur more
commonly at younger ages than type | tumors (Delabod Eble 1997).

3.1. Familial renal cell cancer (RCC) syndromes

3.1.1. von Hippel-Lindau disease (VHL)

Clear cell carcinomas, pheochromocytomas, retiraindngioblastomas, and central
nervous system tumors are typical tumors in vorpElfiindau disease (VHL) (Mahet

al. 1990). Familial aggregation of retinal angiomasd acentral nervous system
hemangiolipomas was reported by Hippel and Lindgethé beginning of the 30century
(Table 1) (von Hippel 1904, Lindau 1927).

The VHL gene was mapped by linkage analysis to chromos8p#5s in 1988 and
identified five years later (Seizingetral. 1988, Latifet al. 1993). A chromosomal loss on
3p was first found in sporadic renal cell carcingnaad subsequently in hereditary cases
suggesting that one or more tumor suppressor get@asnt in RCC could be located in
this region (Zbaet al. 1987, Toryet al. 1989, Kovacst al. 1991).

In later reports, it has been shown that tumoryst development in VHL syndrome is
linked to somatic inactivation, through a point atidn or hypermethylation of the
promoter region, or loss of the remaining wild tygkele of theVHL gene (Crossest al.
1994, Hermaret al. 1994, Shuiret al. 1994, Cheret al. 1995, Prowset al. 1997).VHL
consists of three exons and is widely expressdubth fetal and adult tissues (lliopoulos
et al. 1995, Richardst al. 1996).

More than 300 differenHL mutations have been included in the Human Geneafidut
Database so far. The large amount of mutation datarhade reasonable genotype-
phenotype comparisons possible (Stengtaa. 2003). In VHL patients approximately 20
to 30% ofVHL mutations are whole or partial gene deletions,28tb 27% are nonsense
or frameshift type of changes (Zbkatral. 1996, Stolleet al. 1998).
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Table 1. Most common familial cancer syndromes associated with renal cell cancer (RCC).

Syndrome Gene, locus Clinical M anifestation Animal M odel
VHL VHL Clear cell carcinoma M ouse:
von Hippel- (3p25) Pheochromocytoma Hepatic hemangioma
Lindau Tumor Retinal hemangiolipoma Angiogenesis
suppressor Central nervous system tumors
HPRC MET Papillary renal carcinoma M ouse:
Hereditary (7931-9q34) Metastasized mammary
papillary renal Protooncogene tumors
cell cancer
TSC TSC1 Polycystic disease Rat (Eker rat):
Tuberous (1q34) Oncocytomas RCC
sclerosis and RCC (mostly clear cell) Uterine leiomyomas
complex TSC2 Skin lesions M ouse:
(16p13) Central nervous system tumors RCC
Tumor Mental disorders Liver hemangiomas
suppressor
BHD BHD Benign skin tumors Rat (Nihon rat):
Birt-Hogg-Dude (17p11.2) Pneumothorax, lung cysts RCC
syndrome Tumor RCC (mostly Dog (German Shepherd
suppressor chromophobe/oncocytic) dog):
RCC
Uterine leiomyomas
Skin nodules
HLRCC/MCUL Study | Uterine and/or skin leiomyomas No animal models
Hereditary (1q42-943) RCC (mostly papillary type 2)
leiomyomatosis Uterine leiomyosarcoma
and renal cell
cancer/
Multiple
cutaneous and
uterine
leiomyomata

These mutations are characteristic for subtype 1 Mth high risk of renal cell
carcinoma and absence of pheochromocytoma, whizeelges at high risk of developing
pheochromocytoma (type 2) harbor almost exclusivéiy. missense mutations (Zbetr
al. 1996, Cheret al. 1996, Mahekt al. 1996).

Biallelic VHL inactivation is common in both spoiachemangioblastomas and sporadic
clear cell renal carcinomagHL is somatically mutated in approximately 33 to 5&¥icl
hypermethylated in up to 20% of sporadic RCCs, iandstricted to the clear cell subtype
of tumors (Fosteet al. 1994, Gnarrat al. 1994, Hermaret al. 1994, Shuiret al. 1994,
Whaley et al. 1994) Similarly, VHL mutations have been detected in 30 to 50% of
sporadic hemangioblastomas, but rarely in sporpteochromocytomas (Hofstet al.
1996, Bendekt al. 2000, Dannenberg al. 2003). Studies examining a variety of other
sporadic tumors have shown that som&ttlL mutations are rare in tumor types that are
not observed in the VHL syndrome (Whaktyal. 1994, Fosteet al. 1995).
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The VHL protein is part of an ubiquitin ligase complthat degrades hypoxia-inducible
factor 1 alpha (HIF4) in the presence of oxygen. In low oxygen condgior wheriVHL

is mutated, stabilization of Hlklleads to angiogenesis, increased proliferation and
decreased apoptosis (Carmebetl. 1998, Maxwellet al. 1999). Angiogenesis, in many
cases particularly through HlkXegulation, has been suggested to be involvedttirer
indirectly in most oncogenic or tumor suppressothpays (Vogelstein and Kinzler
2004). In mice, targeted inactivation of Vhl haseeshown to cause accelerated
angiogenesis in many organs and vascular tumdngein(Table 1) (Haaset al. 2001, Ma

et al. 2003).

3.1.2. Chromosome 3 translocations

In a subset of families the occurrence of RCCs egregates with the presence of
constitutional chromosome 3 translocations. Sua@npmena can be employed to identify
novel candidate genes at or near the transloc#tieak-points for hereditary RCC and
other cancers. Although co-occurrence of somatldL mutations with balanced
translocations has been reported in the majoritgases, not all the familial RCCs have
been shown to carry\dHL change (Bonnet al. 2004).

A family with 10 RCC cases with a chromosome 3 hedal translocation was published
by Cohen et al. in 1979 (Coheat al. 1979). This cytogenetic rearrangement
t(3;8)(p14;924) produced a fusion frhgile histidine triad (FHIT) andtranslocation in
renal carcinoma on chromosome 8 (TRC8) genes (Ohtat al. 1996, Gemmilket al. 1998).
Interestingly, in Drosophila TRC8 was shown to disemteract with VHL and inhibit
growth when over-expressed (Gemnetl al. 2002). However, evidence th&HIT is
causally related to renal or other malignanciesrbagined controversial (Gemmél al.
1998).

Two other break-point spanning gendisyupted in renal carcinoma 2 and 3 (DIRC2 and
DIRC3) have been localized based on a constitutionalskoaation t(2;3)(q35;921)
resulting in the formation of a DIRC3-HSPBAP1 fusiranscript (Bodmeet al. 2002,
Bodmeret al. 2003). Heat-shock 27-kd protein-associated pragiHSPBAP1) has been
found to interact with HSP27, one of the small teettck proteins, which are suggested to
play essential role in stress responses and cgBoEmer et al. 2003, Mosser and
Morimoto 2004). Interestingly, both of these fusiproducts are transcribed from the
derivative chromosome that is lost during tumor elegment (Gemmillet al. 1998,
Bodmeret al. 2003).

In addition toFHIT and HSPAP1, some other translocation-associated genes, ssich a
LSAMP coding limbic system-associated membrane protesh MORE1 coding RAS
associated domain family protein 5, have been megdo play a role in cellular stress
signaling and thereby probably increase the susdukfyt to somatic loss of the
translocation derivative 3 chromosomes (Chen al. 2003). At present, many
translocation-associated genes potentially cortiriguto tumorigenesis have not been
identified.
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Multiple evidence, including familial and non-famlil cases, has shown that chromosome
3 translocations are a risk factor for RCC (Kovatsal. 1989, Schmidtet al. 1995,
Bodmeret al. 1998, Gemmillet al. 1998, Koolenet al. 1998, Kanayamat al. 2001,
Bodmeret al. 2002, Melendezt al. 2003, Van Erpt al. 2003, Rodriguez-Perales al.
2004). In conjunction with allele segregation asay frequent loss of derivative
chromosome 3 has been detected. In addition, noeetivating mutations, including
different mutations from the same patient's tumdraye been found ivHL so far
(Schmidtet al. 1995, Bodmeet al. 1998, Kanayamet al. 2001). Based on these findings,
a three-step model of RCC development has beenogedp 1) non-homologous
chromatid exchange resulting in balanced chromos@m&anslocation, 2) loss of
derivative chromosome 3 containing the p arm segnaea 3) somatic mutations WYHL

or potentially also in other genes in the regiondBeret al. 2002a, Bodmeet al. 2002b,
Pavlovich and Schmidt 2004). However, novel comimnal molecular and cytogenetic
analyses reveal complex genetic alterations inpagiHary RCC (Strefforet al. 2005).

3.1.3. Hereditary papillary renal carcinoma (HRPC)

Hereditary papillary renal carcinoma (HPRC) is aeralominantly inherited cancer
syndrome with reduced penetrance (Zketr al. 1995). Malignant papillary renal
carcinomas were first characterized by trisomyhloebmosomes 7, 16, or 17 and, in men,
by loss of the Y chromosome (Kovacs 1993). Lates,dredisposing gene was mapped to
7931-g34, and germline mutations in a tyrosine sgndomain ofMET protooncogene
were identified in affected members of HPRC farsiliend in a subset of sporadic
papillary renal carcinomas (Table 1) (Schmiet al. 1997). Overexpression and
duplication of theMET oncogene was suggested to be crucial step in dfi®ogenic
pathway of papillary renal tumors (Fischeral. 1998). MET mutants also exhibited
increased levels of tyrosine phosphorylation arfthened kinase activity when compared
with wild-type MET (Jefferset al. 1997). Invasive and metastatic properties of MET
mutants were demonstrated as well in cell lineis asice (Giordancet al. 1997, Jefferst

al. 1998). In transgenic mice, activated Met inducesdpminantly metastatic mammary
adenocarcinoma (Liang al. 1996, Jefferst al. 1998).

The MET protooncogene encodes a transmembrane tyrosingsekimeceptor for a
hepatocyte growth factor, and drives a cellulargpmon known as invasive growth.
Aberrant invasive growth is known to be associatgth invasion, metastasis, and
neoplastic transformation of cells (Paskal. 1987, Bottaroet al. 1991, Comoglio and
Trusolino 2002). The oncogenic potential of MET, es@gcithrough overexpression of
the protein, has been reported in numerous humacecs (Di Renzet al. 1991, Nataliet

al. 1996). The overexpression of the MET receptor in kigpes probably activated by
hypoxia inducible transcription factors Hiicland AP-1. Recently, molecular genetic
evidence linking MET oncogenic activity and homeadstass been reported (Boccaccio
et al. 2005).
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3.1.4. Tuberous sclerosis complex (TSC)

Tuberous sclerosis complex (TSC) is an autosomal rmhimulti-system disorder with
characterized by seizures, mental retardations@tepilepsy, and tumors in the brain,
retina, heart, kidney, and skin (Table 1) (Ro&thal. 1998). In adults, complications
arising from renal, lung, heart, and brain pathglage the most significant cause of death
(Shepherdet al. 1991). Epithelial renal manifestations of TSC ineymblycystic disease,
oncocytomas, and RCC (Bjornssenal. 1996, Henske 2005). Angiolipomas originate
from mesenchymal cells, and are the most commoral régsion in TSC. Most
angiolipomas are benign, although they are resptandor the most severe clinical
symptoms because of their abnormal vascularity witdan lead to spontaneous life-
threatening bleeding (lliopoulos and Eng 2000). Acsfic feature in TSC, different from
for example VHL and MET related renal carcinomaghes substantial heterogeneity in
renal manifestations, including clear cell, papylaand chromophobe carcinomas
(Bjornssoret al. 1996, Al-Saleenet al. 1998).

The majority of TCS patients exhibit cutaneous signkesions (Weblet al. 1996, Suret

al. 2005). Although 80% of the most prevalent skirides, hypomelanotic macules and
forehead fibrous plagues are non-sympomatic, theynaportant in the early diagnosis of
the disease. The rest of the skin manifestations sgreptomatic and need clinical
treatment (Weblet al. 1996).

Two genetic loci ofTSC have been identifiedTSC1, which maps to 9934, antiSC2,
which maps to 16p13.3 (Consortium 1993, van Sldgiestet al. 1997). Large mutation
analysis studies have addressed the differencegebetphenotypes in TSC1 and TSC2
(Joneset al. 1999). Mutations oTSC2 occur more frequently and their clinical symptoms
in central nervous system and renal manifestatesasmore severe than of thoB8C1.
The TSC genes undergo LOH in the majority of lesiatr®ngly suggesting their role as
tumor suppressors (Greehal. 1994a, Greent al. 1994b).

The Eker rat is the first autosomal dominant inhdritedent model for RCC (Eket al.
1981). In addition to renal manifestations, Ekersratso develop leiomyomas and
leiomyosarcomas of the uterus, mostly from smootiscte of the cervix (Everittt al.
1995). The predisposing defect underlying this phg®was shown to be a mutation in
the Tsc2 tumor suppressor gene, which was inactivated layge inherited deletion and
LOH in the Tsc2 locus (Yeunget al. 1994, Kobayashit al. 1995).

In contrast to human TCS patients, Eker rats devalolifocal, bilateral RCC with 100%
incidence (Table 1) (Everitt al. 1992). Although these tumors differ from the cleall
type renal lesions frequently observed in human Tt8€y share many similarities, like
tubular cell origin and high level of vascularizetj with their human counterparts.

Eker rat lelomyomas are histologically similar t@ithhuman counterparts, and occur at
the high frequency of over 60% in females (Evedital. 1995). Eker leiomyomasave
been shown to exhibit a 50% incidence of loss efwlild-typeTsc2 alleleand an almost
uniform loss of tuberin protein expression, imgiilcgloss of function of thdsc2 gene in
these tumors (Hunteet al. 2002). Similarly to humans, hormonal factors play
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important role in the development of leiomyomad&ér rats. Eker leiomyomas and cell
lines derived from them express both estrogen aadesterone receptors and respond to
estrogen stimulation (Howat al. 1995a, Howet al. 1995h).

Conventional Tsc1 and Tsc2 knock-out mice have also been generated to further
understand the molecular mechanisms of TSC (Kobayasth. 1999, Ondaet al. 1999,
Kobayashiet al. 2001). Heterozygous mice developed renal and liverors whereas
homozygous animals died during the embryonic stége.finding thaflsc2 heterozygous
mice develop renal tumors at younger age tfiarl animals is concordant with the
observations that patients wifBC2 mutations have more severe disease compared to
TSC1 mutation carriers (Daboet al. 2001).

Genetic and biochemical analyses have pointedhatitthe proteins hamartin and tuberin,
the products of th&SC1 andTSC2 genes, respectively, form a heterodimer in intatis
(van Slegtenhorsét al. 1998). Pathological mutations in TSC disrupt tmgeiaction,
demonstrating that hamartin and tuberin act aswptex in tumor suppression (Hodges
al. 2001). Genetic studies in mammalian systems arasdphila have shown that the
hamartin/tuberin complex functions in inhibition céll growth and cellular proliferation
by downregulating the mTOR (mammalian target foarapcin) signaling network (Hino
et al. 2001, Potteet al. 2001, Taporet al. 2001, Kwiatkowski 2003). mTOR controls a
large and diverge set of growth-related signalirghways, including activation of
translation initiation in response to amino acids. (hutrients) and growth factors, actin
cytoskeleton organization, membrane traffic andtggnodegradation, protein kinace C
signaling, ribosome biogenesis, and transcriptiemiéwed by Schmelzle and Hall 2000).

3.1.5. Birt-Hogg-Dudé syndrome (BHD)

Birt-Hogg-Dudé syndrome (BHD) is an autosomal damindisease characterized by
benign skin tumors, hair follicle hamartomas, amnds$sociated with the development of
pneumothorax, lung cysts, and renal tumors (TapkBitt et al. 1977, Toroet al. 1999,
Schmidtet al. 2001). A spectrum of different types of renal tushare detected in BHD
patients including chromophobe, oncocytoma, cledl, and papillary type lesions, the
most prevalent being chromophobe/ oncocytoma hyfrallovichet al. 2002). Renal
manifestations are usually bilateral and have b&wwn to arise in 15-30% of BHD
patients. Protein-truncating mutations were regefiotind in a novel gene callédliculin
(FLCN) encoding a highly conserved protein with a freguyeof 44% in BHD families
(Nickersonet al. 2002).

While no uterine leiomyomas have been reportecumdn BHD patients, a canine model
for BHD develops skin lesions, uterine leiomyomad &RCC histologically similar to
human BHD (Moe and Lium 1997). A disease locus wapped to a small region on
canine chromosome 5, and associated mutationslaterefound in the homologue of the
humanBHD gene (Jonasdottat al. 2000, Lingaast al. 2003).

Moreover, the Nihon rat, a rodent model for BHDsplatys a dominantly inherited
predisposition to RCC tumors with 100% incidencegdpminantly with clear cell
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histology (Okimotoet al. 2000). Nihon rat RCC susceptibility is associateith a
truncating insertion in the rd8HD gene, and LOH of the wild type allele in tumors
(Okimotoet al. 2004).

3.1.6. Hereditary leiomyomatosis and renal cell can  cer (HLRCC)

The association of cutaneous leiomyomas, uterinemigbsarcoma, and metastasized
renal cell cancer was described for the first timé. 973, although no cancer syndrome
behind it was proposed (Reedal. 1973). The HLRCC syndrome was described in 2001
(Launonenet al. 2001). The tumor predisposition in HLRCC was suggestedbé
dominantly inherited including susceptibility totaneous and uterine leiomyomas with
high penetrance, and leiomyosarcoma and renal ceglter with reduced penetrance
(Table 1). Three reported Finnish HLRCC familiesluded 26 affected individuals
(Kiuru et al. 2001, Launoneret al. 2001). All except one male exhibited skin lesions
(83%), cutaneous nodules or leiomyomas, and 14f2® (70%) females were diagnosed
with uterine leiomyomas. In addition to typicalitass, four patients have been reported to
have leiomyomas with atypia (Kiurg al. 2001, Launonemt al. 2001). Two cases with
uterine leiomyosarcoma were identified; one of thead also been diagnosed with breast
cancer. The most common malignant lesion was regilatancer, which was diagnosed in
seven (27%) HLRCC family members at a relativelyryg age (33 to 48 years).

To prove that HLRCC was a new cancer syndrome, Liaemet al. (2001) excluded the
possibility of already known cancer genes as thiseaf the disease. VHL and tuberous
TSC were excluded because of the lack of charatiterenal and extra-renal features in
HLRCC. Especially crucial was the morphological pretof the renal cancers in HLRCC
because it was unique, displaying rare clear ggle t2 histology (Kiuruet al. 2001,
Launonenet al. 2001). In type 2 renal cell carcinoma cytoplasnabsindant, nuclei are
large, and very large inclusion-like nucleoli candeen. In contrast to HLRCC, papillary
renal carcinomas witMET mutations display type 1 histology (Lubengdtyal. 1999). In
addition, theMET region in chromosome 7q was excluded by linkagalyais on this
locus with a logarithm of odds (LOD) score of <(k2aunoneret al. 2001).

Launonenet al. (2001) performed a genome wide linkage analysishentwo Finnish
HLRCC families and succeeded in localizing the @meaksing gene to chromosome 1qg42-
g44 (Launoneret al. 2001). The telomeric region of the long arm of chosome 1 was
the only region showing suggestive evidence ofdge# and after an analysis with
additional markers in the target region, the high&3D score of 4.11 was achieved at
microsatellite marker D1S2811. Additional evidenmlethe linkage in 1q42-g44 was
obtained from the analysis of the third Finnish HI®Rfamily (Kiuru et al. 2001).

LOH in tumors has been widely used as a predictdo@ation and function of tumor
suppressor genes (Thiagalingamal. 2002). Finnish researchers studied five renal cell
cancers, three uterine leiomyomas, and seven mgdammyomas from HLRCC family
members, and detected LOH at 1g42-g44 in all turegcept one renal cancer (Kiuet

al. 2001, Launoneret al. 2001). In order to evaluate the specificity of thieserved
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chromosomal losses, 26 nonsyndromic uterine leionagp and 7 nonsyndromic
cutaneous leiomyomas were analyzed for LOH in thdREIC locus with informative
microsatellite markers. Losses of the wild-type amosome were detected only in one of
these tumors, confirming that LOH seen in HLRCCdesiis specific for the disease
(Kiuru et al. 2001). According to linkage, haplotype, and LOHtadathe HLRCC
predisposing locus was mapped to an approximatélycNl region between markers
D1S517 and D1S404 (Kiuret al. 2001). The localization of a tumor suppressor gene
underlying the HLRCC syndrome in this region waserggly suggested.

3.1.7. Multiple cutaneous and uterine leiomyomata (  MCUL)

At the same time, but independently from the Finrssudies of the HLRCC locus, a
genome-wide screen on 11 UK families with Multipl#éaneous and uterine leiomyomata
(MCUL) found suggestive evidence of linkage (a maxmn two-point parametric LOD
score 1.84 at marker D1S157) to the q telomerdnafmmosome 1 (Alanet al. 2001). The
families consisted of 54 affected individuals, magh multiple myomas of varying size.
The initial genome screen detected a maximum LODesob1.84 at marker D1S547 in
1942.3-g43.8 regions with two-point analysis. Watlditional typing of microsatellite
markers in this region, a multipoint LOD score oflt 3vas obtained between markers
D1S2785 and D1S547/D1S404. After haplotype anglydsm et al. (2001) placed the
predisposing gene for MCUL within a 14 cM interdaétween markers D1S517 and
D1S2842. The loss of the wild type allele at the MQbkus in two analyzed leiomyomas
led UK researchers to argue that the predisposng ¢ a tumor suppressor.

Evidence that the gene underlying MCUL syndromeamidiantly inherited with high
penetrance was additionally provided. Of 33 femalesh the disease-associated
haplotype, 29 (88%) had skin and/or uterine leiomgs. Of 16 males with the disease
haplotype, 13 had developed skin leiomyomata (Adaal. 2001).

4. Other familial cancers potentially associated to
hereditary leiomyomatosis and renal cell cancer
(HLRCC)

4.1. Familial prostate cancer

Hereditary prostate cancer (HPRCA) is a geneticadi;mplexdisease involving multiple
susceptibility genes and a stragrgvironmental component. Segregation analysesgim hi
risk prostatecancer families support a model of autosomal doninaheritancewith
multiple rare high penetrance genes, particularlgarlyonset subgroups (Gronbeggal.
1997, Schaidet al. 1998). One of the potential HPRCA loci has beeapped to
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chromosome 1g42.2-g43, named the putative predmspagene forcancer of prostate
(PCAP), spanning a 20 cM region (Berthehal. 1998, Berryet al. 2000). The highest
multipoint LOD score of 3.31 at tHeCAP locus atmarker D1S2785 was detected in the
subset of early onset prostate cancer familiestiiBaret al. 1998). LOH in prostate
tumorsat 1g42.2-43 further supported the linkage evidemzkindicatethat the causative
gene may act as a tumor suppressor (Bertéhah 1998). Linkagdo thePCAP locus has
remained unconfirmed in some data sets (Gitbal. 1999, Whittemoreet al. 1999).
These and other studies propose a heterogeneougrbvac for HPRCA. Linkage
analyses have indicated that several other chromalsegions may be involved in
inherited prostate cancer: a fipttative hereditary prostate cancer lodd®C1) at 1q24-
g25, prostate and brain cancer susceptibility lo€sPB) at 1p36,hereditary prostate
cancer X linked locus HPCX) at Xq27-g28,hereditary prostate cancer locus at
chromosome 20g13HPC20), and a putative prostate cancer géffRC2/ELAC2 at 17p
(Smith et al. 1996, Xuet al. 1998, Gibbst al. 1999, Berryet al. 2000, Schleutkeet al.
2000, Tavtigiaret al. 2001).

A few genes have been reported to be mutated in HPRO#e abthem representing a
high penetrance major susceptibiliggne:ELAC2, ribonucleasel (RNASEL) at theHPC1
locus,5« reductase type |1 gene SRD5A2), andcytochrome P450c17 (CYP17) (Lunnet al.
1999, Jaffeet al. 2000, Rokmaret al. 2001, Xuet al. 2001, Carptemt al. 2002, Rennertt
al. 2002, Rokmamt al. 2002, Wanggt al. 2002).

4.2. Familial breast cancer

The susceptibility genes for familial breast canaer still largely unknown. The major
known high-penetrance predisposition geBBEA1 andBRCA2 account for a majority of
families with multiple cases of early-onset breeetcer and ovarian cancer, but only a
small fraction of familial breast cancer withouedle characteristics (Vahteriséb al.
2001, Fordet al. 1998). Genetic linkage studies have suggestedstorzmcer loci on
chromosomes 232, 6925, 8p21, and 13922 (Ketiml 2000, Huuskeet al. 2004, Seitz

et al. 1997, Zupparet al. 1991). So far, the putative susceptibility gemeshiese regions
have not been identified.

The rationale for linking breast cancer to HLRCChat three Finnish patients in two
HLRCC families had been diagnosed with breast aa(iGeru et al. 2001, Launonet

al. 2001). The first breast cancer detected in an HLR@&@ent displayed lobular

histology, a histology which comprises only 15% wfiselected breast carcinomas
(Launoneret al. 2001).
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AIMS OF THE STUDY

1. To localize and identify the gene predisposing ®HhbRCC syndrome

2. To investigate the role of the HLRCC predispositgane in prostate and breast
cancer

3. To investigate the role of the HLRCC gene mutationsionsyndromic tumor
types associated with HLRCC

4. To investigate the role of the gene underlying HLR@@on-HLRCC associated

nonsyndromic tumorigenesis
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MATERIALS AND METHODS

1. Familial samples

1.1. HLRCC/ MCUL Families (1)

Three Finnish HLRCC families were included in the@éocalization, identification and
mutation detection study. The biggest Finnish fapfM-1, included four individuals
with early-onset RCC and 17 individuals with leiarnyas of the uterus and/or skin
(Launoneret al. 2001). The second family, FAM-II, included two #ilgs diagnosed with
renal cell carcinoma at the age of 32 and 26 ardmtividual with uterine leiomyomas at
the age of 41 (Launoneat al. 2001). The third family included seven individualgh
multiple cutaneous myomatosis, three individualthwiterine leiomyomatosis and one
individual with renal cell cancer (Kiuret al. 2001). Additionally, 39 UK families
displaying a typical MCL phenotype with leiomyomabh the skin and uterus were
included in the study through collaboration (Ala&ral. 2001). DNA from 42 probands,
from 22 families, including 85 affected individualgas used in fine-mapping of the
predisposing gene. Informed consent was obtainech fthe patients. This study was
approved by the authorized ethics review commitfede Joint Authority for the Hospital
District of Helsinki and Uusimaa (HUS).

1.2. Finnish prostate cancer families (ll)

Finnish prostate cancer family samples were aJaildlom University of Tampere
through collaboration. The sample collection haslscribed previously by Schleutker
et al. (2000). Altogether 70 blood samples for DNA ismatfrom the youngest affected
subjects, whose samples were available, of eatheo?0 Finnish families were obtained
for mutation analysis. At least one inclusion arde had to be fulfilled: (1) prostate
cancer in three generations, (2) three or moredegree relatives with prostate cancer, or
(3) two subjects with prostate cancer diagnosectutite age of 60. The average age of
diagnosis was 62.2 years (range 44-79) and the euailaffected subjects per family was
3.2 (range 2-6). Two of the patients had kidneyceanbut their leiomyoma status was
unknown. No 1g42.2-43 linkage data were available.
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1.3. US prostate cancer families (I1)

A total of 152 prostate cancer families including25genotyped men were previously
ascertained through the Mayo Clinic radical prastitmy database (Gibles al. 1999).
The research protocol and informed consent forms vagproved by the Mayo Clinic
Institutional Review Board. Nineteen prostate catiamilies forfumarase (FH) mutation
screening were selected on the basis of positnkadje information ovePCAP locus.
Two individuals from each family were screened Fét mutations. The average age of
onset in the families was 64.89 years (range 58967 years) and the average number of
affected subjects in each family was 3.36 (ran@g. 24/ithin these 38 individuals, kidney
cancer was observed in six different kindreds mensubjects altogether. Four of these
cases also had prostate cancer. The average agegaogls of the kidney cancer cases
was 58.55 years.

1.4. Breast cancer families (llI)

DNA samples extracted from blood from 8&Beast cancers genes 1 or 2 (BRCAL or
BRCA2) mutation-negative breast cancer patients weraudied in this study. Samples
were collected at the Helsinki University Centraldgital (Vehmaneset al. 1997, Eerola

et al. 2000, Vahterist@t al. 2001a, Vahteristet al. 2001b). 75 cases were selected based
on family or personal history of renal cell cancearcoma, uterine cancer (including
uterine sarcoma), lobular breast cancer, prostteer, or multiple myeloma. 26 of these
families had one such malignancy, 32 families had, t12 families had three, and five
families had four or more such cancers. In addjtidhbreast cancer patients not fulfilling
the above-defined cancer history were includedis study because the experiments were
performed on a 96-well plate format and space abtbimclusion of these samples. These
10 patients had at least one first-degree relafiected with breast or other cancer, or
were themselves affected with a second cancer.

2. Control individuals (I, IV)

To investigate the population frequency of a pugfinnish founder mutation (I) and an
FH allele detected in the germline of a uterine lgtoma patient (IV) 448 and 134 blood
samples from anonymous control individuals, respelst, were obtained from the
Finnish Red Cross, Helsinki. Over 150 populatiosdshcontrol samples were used to
investigate the population frequency of detectedRBKmutations ().
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3. Tumor samples

3.1 Tumors from HLRCC family members (1)

Tumors from HLRCC/MCL family members were analyzeddillelic loss in 1g42.3-g43.
Paraffin-embedded tissue blocks, hematoxylin/estamed slides, and pathologists’ gross
reports were obtained for histopathological anaysem the Departments of Pathology at
Oulu University Hospital, Helsinki University CeatrHospital, and Turku University
Hospital (Kiuruet al. 2001, Launoneret al. 2001). Tumors included seven renal cell
carcinomas, seven uterine leiomyomas, seven cuianEiomyomas, and one uterine
leiomyosarcoma. Additionally, these tumors werelyael for LOH or somatic mutations
in theFH gene.

3.2. Nonsyndromic tumor samples (1V, V)

In the study IV, 200 nonsyndromic tumors from 18dividuals with no known family
history of cancer were studied féiH mutations. The study focusing on tumor types
observed in HLRCC syndrome (IV) included 10 cutarsedeiomyomas, 41 uterine
leiomyomas 52 renal cell carcinomas, 18 uterinenhgiosarcomas, 35 other sarcomas, 29
prostate carcinomas, and 15 lobular breast car@asoifhe histological subtypes of renal
cell cancers included 9 papillary type tumors, 4#€arccell carcinomas, and three other
tumor types. Five of the renal cell carcinomas ldiggd the rare papillary type Il histology
associated with HLRCC. Sarcomas included 2 extang leiomyosarcomas, 9
liposarcomas, 5 histiocytomas, 4 osteosarcomas$ioBdtosarcomas, 1 fibrosarcoma, 1
Edwing’s sarcoma, and 11 sarcomas of undefinedlogsto

In the study V evaluating the role of FH in nonsyordic uterine leiomyomas, 153 lesions
from 46 individuals were first analyzed for allelioss at theFH locus, and when
displaying LOH, screened féiH mutations (V).

To further evaluate the role BH inactivation in nonsyndromic tumorigenesis (V)eaias
of 299 malignant tumors representing 10 differeafigmant tumor types were analyzed
for FH mutations. Samples included 52 papillary thyradcemomas, 60 ovarian tumors,
44 nonlobular breast carcinomas, 14 testicularimancas of germ cell origin, 34 lung
carcinomas, 23 colorectal cancers, 15 cutaneous anolas, 18 adrenal
pheochromocytomas, 25 glioblastomas, and 14 hedderk squamous cell carcinomas.
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4. DNA and RNA extraction, purification, and cDNA
synthesis (I, II, llI, IV, V)

DNA from blood samples, cell lines, and fresh-fropatient tissue samples was extracted
according to the nonenzymatic method of Lahiri hanberger (1991). DNA extraction
from paraffin-embedded tissue samples was performgidg protocol described by
Kannioet al. (1996). The product was purified using the Nuclen$CR purification kit
(Macherey-Nagel, Duren, Germany). Total cellular RRRNA) was extracted using the
RNeasy kit (Qiagen Inc., Valencia, CA, USA) accaglito the manufacturer’s
instructions. The extracted total RNA (tRNA) was diser cDNA synthesis in a reverse
transcriptase polymerase chain reaction (RT-PCRprding to the standard protocol
(Promega, Madison, WI, USA).

5. Microsatellite marker analysis (I, IV, V)

5.1. Fine-mapping at chromosome 1q

To map more finely the gene for HLRCC/MCUL, we ohtd DNA from 42 individuals,
including 22 linkage informative families. In addih to microsatellite repeats from public
databases, we identified 28 microsatellite repattise HLRCC locus to attempt to restrict
the target region (Table 2). Repeats were identifigdext and Basic Local Alignment
Search Tool (BLAST http://www.ncbi.nlm.nih.gov/BLAST8¢arches of the draft genome
BAC clone sequences (Sanger Center Institute, 20®dners for PCR were designed
using the Primer3 server (http://frodo.wi.mit.edyiben/primer3/primer3_www.cgi)
(Rozen and Skaletsky 2000). PCR amplicons wereruan Applied Biosystems PRISM
377 DNA sequencer (Applied Biosystems, Foster G, USA) and fragment sizes
analyzed by the Genescan 3.1 and Genotyper 2.%\®ase (Applied Biosystems). The
most likely haplotypes assuming a minimum numbereaiombinations were manually
constructed in the target region.

5.2. Loss of heterozygosity (LOH) analysis (I, IV, V)

LOH analysis with 40 microsatellite markers, 12nfrthe commercial set (ABI medium
density Linkage Mapping Set-MD10 (Applidlosystems)) and 28 novel repeats, was
performed on the available tumors from the HLRCCili@s to narrow down the target
region of the predisposing gene to HLRCC (1) (Tabdle

To study LOH in nonsyndromic uterine leiomyomas (§¢nomic sequence covering the
FH locus and the flanking sequence derived from theeBEible Human Genome Browser
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(http://'www.ensembl.org) was scanned for novel osatellite repeats using the Tandem
Repeats Finder software (Benson 1999). We idedttfd microsatellite repeats, flanking
the FH locus. The markers FH-C and FH-T were located 2.8cktiromeric and 0.3 Mb
telomeric respectively from th&H locus. Primers for PCR for the repeats were as
follows: FH-C (centromeric) forward primer 5-AGCAAGATGGTTTCTCTCTCA-3’;
FH-C reverse primer 5-CAGCACTAGCAGAATATGTGTAA-3’; FH-T télomeric)
forward primer 5-CCTTACCATTGCTCCCAAGA-3’; FH-T reverse rimer 5'-
ACCTTCATCCCTGTCCTGTG-3'. PCR amplicons were run on an AggpBiosystems
PRISM 377 DNA sequencer (Applied Biosystems, FoSli¢y, CA, USA) and fragment
sizes analyzed by the Genescan 3.1 and Genotyp@r sbftware (Applied Biosystems).
LOH was visually estimated from ABI PRISM chromaiaghs.

Table 2. Summary of the methods used in this study.

Special Aims M ethod Reference

Fine-mapping of a target Additional genotyping of linked

region/regions and localization families/additional families with

of candidate susceptibility genesmicrosatellite markers Study |
LOH? in tumors

Identification of the Mutation detection with sequencing

susceptibility gene and causativérISH Studv |

mutations LOH and somatic mutations in tumors y

Evaluation of population Sequencing

frequencies of detected changesDHPLC? Study |
SSCP Study IV

Functional consequences of the Enzyme activity assay Study |

detected mutations

Evaluation of the role of the Mutation detection with sequencing and

predisposing gene in other DHPLC Studv |1

familial cancers LOH analysis in tumors of other familial Study I
cancers y

Evaluation of the role of the Mutation detection by sequencing and

predisposing gene in sporadic DHPLC Study IV

tumorigenesis LOH analysis in nonsyndromic tumors  Study V

! Loss of heterozygosity

2 Fluorescence in situ hybridization

% Denaturing high-performance liquid chromatograph
* Single-stranded conformational polymorphism
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6. Agarose gel electrophoresis (I, I1, I, 1V, V)

Specificity and intensity of all PCRs were verifiesing gel electrophoresis. 4 pl of a PCR
product was mixed with 2 pl of loading buffer (9586 formamide, 20 mM of EDTA,
0.05% of xylene cyanol, and 0.05% of bromophenoépl The mixture was run on a 2.5%
SeaKem LE Agarose gel (Cambrex Bio Science Roclaad Rockland, ME, USA) in 1 x
TBE buffer at 150 V for approximately 30 min. The bsiwiere visualized under ultra
violet light with ethidium bromide.

7. ldentification of transcripts on 1942-943 (l)

Sequences used in gene predictions were derived tihe chromosome 1 physical map
published by the Sanger Center Institute. The ndickeid identification program called
NIX, provided by the UK Human Genome Mapping Projeesource Center (UK), was
used to identify ESTs and known putative novel aradligted genes in the target region.
NIX is a genome annotation package which runs plelgene prediction and comparative
sequence analyses programs simulataneously (&b@s2002). Target sequences were
analyzed on both directions in overlapping segmeh#0-500 kb. Exon-intron structures
of the candidate sequences were extracted from idéxilts web pages and verified by
Blast search. Additionally, the NCBI Entrez Genome apM Viewer
(http://www.ncbi.nlm.nih.gov/entrez/) and Ensemblnian Genome Server were used to
find known genes in the target region. Most of pinedicted transcripts were verified by
RT-PCR amplification of human total mMRNA (RNeasy Kiagen).

8. Fluorescence in situ hybridization (FISH) (1)

Due to non-mendelian inheritance detected in twof&ldilies and observations that RCC
exists only in the Finnish HLRCC families, fluorescein situ hybridization analysis
(FISH) was carried out to detect putative largargere deletions or rearrangements at the
HLRCC locus (Table 2). Metaphase spreads of lym@stldell lines from probands from
two Finnish families and two UK families were pregé by standard protocols. BAC
clones (from RP11-467120 to RP11-211A7 from thegBarCenter map) in the target
region were fluorescently labaled with Fluoro GreEluoro Red, and Cy5sUTP by nick
translation (Amersham Pharmacia Biotech, Piscatawdy, USA), and hybridized
overnight to metaphase spreads under competitimditons. Slides were counterstained
with 4,6-diamidino-2-phenylindole. Images were thypd using a cooled charge-coupled
camera (Photometrics, Huntington Beach, CA, USAachaied to Axioplan 2 Imaging
Microscope and SmartCapture 2 software (Applieddimg, San Jose, CA, USA). This
analysis was carried out in the laboratory of Bn Tomlinson.
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9. Mutation detection

9.1. Single-stranded conformational polymorphism (S SCP) ()

SSCP analysis was used to evaluate the FinnisHgdapufrequency of a putative Finnish
FH founder mutation using DNA samples from 448 anooysnblood donors using MDE
solution (FMC BioProducts) (Table 2). PCR productsevrun on 0.6xMDE gels, at 4W
for 20 hours in 0.6XxTBE running buffer. SSCP gels ewvsilver-stained according to
standard protocols.

9.2. Denaturing high-performance liquid chromatogra ph (DHPLC)
(11, M1, 1V, V)

FH mutation screening by DHPLC was performed on 38 fek8ilial prostate cancer
patients from 19 prostate cancer families (ll), Bbnish breast cancer patients from 85
breast cancer families (Ill), 267 malignant tumbsm 267 Finnish patients (V), and 5
uterine leiomyomas from 5 unrelated individualspthging LOH in their myomas at the
FH locus (V) (Table 2). DHPLC was also used to exaniire population frequency of a
FH change detected in the germline of a patient wiétine leiomyosarcoma (IV). DNA
from healthy 134 controls was included.

All 10 FH exons and the flanking intronic sequences wereliietpin 50 ul reaction
volumes consisting of 50 ng genomic DNA, 0.7xPlatm PCR Buffer (Invitrogen,
Carlsbad, CA, USA), 200 uM of each dNTP (Finnzyniespoo, Finland), 0.3 uM of both
primers, and 1.25 U of DNA polymerase Platinum Tlyitrogen), 0.60 U of Titanium
Taq (Clontech, Palo Alto, CA, USA), and 0.60 U of giiaq Gold (Applied
Biosystems). The mixture of the three enzymes wasd u® obtain high fidelity,
sensitivity, and specificity. The hot start PCR ayglconditions were as follows: 94°C for
12 min, followed by 35 cycles of denaturing for 80varying annealing temperatures for
30 s, elongation at 72°C for 45 s, and final extanmat 72°C for 10 min. The denaturing
temperature was lowered from 94°C to 89°C aftecyiddes. Reactions were carried out in
a PTC-200 Peltier Thermal Cycler (MJ Research).

Samples from two subjects were pooled before thengwlenatured at 95°C for three min
and reannealed by reducing the temperature 0.5°€f8045 min. DHPLC heteroduplex
analyses were performed using an automated HPLi@imsentation with an Agilent 2G
experimental dsDNA 2.1x75 mm 3.5-micron column (&gt Technologies, Palo Alto,
CA, USA). Samples from pools displaying aberrantoamtographs were reanalyzed
individually.

The melting temperatures for each amplicon wereimddausing the algorithm at the
Stanford DHPLC Melt program web page (http:/ineerstanford.edu/meltl.html). The
optimal melting temperatures were experimentallgleated according to the protocol
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described by Xiao and Oefner (2001) and tested witbwn polymorphisms. The
analytical acetonitrile gradient was composed byimgi Helix BufferPak A for DHPLC
and 55-75% B (Varian Analytical Instruments, WalQueek, CA, USA) at a flow rate of
0.4 ml/min. Single-base substitutions and smaleritisns or deletions can be detected
with DHPLC by different retention times of homo-daheteroduplex double-stranded
PCR amplicons under partial denaturation. The seitgiand specificity of DHPLC have
been shown to vary between 94% and 100% when ca@ugardirect sequencing (Xiao
and Oefner 2001).

9.3. DNA and cDNA sequencing (I, II, 1ll, IV, V)

To identify the predisposing gene, mutation scregmmh6 known genegegulator of G
protein signaling 7 (RGS7), FH, kynurenine 3-monooxygenase (KMO), opsin 3 (OPN3),
CHM-like (CHML), and exonuclease 1 (EXO1), and 41 other candidate sequences,
including predicted genes and ESTs, was performedng&amd the flanking intronic
sequences were analyzed by genomic sequencingiofrge DNA of probands from three
Finnish and 39 UK families (1) (Table 2).

Genomic sequencing was used in 70 Finnish prosiateer families (llI), and in 14

sporadic testicular tumors in a study of sporadienterparts of tumor types observed in
HLRCC (IV), Sequencing was used also for specifyargd confirming the changes
detected by DHPLC (Il lil, IV, V).

Sequencing was carried out in the sequencing @miéty at the University of Helsinki,
Haartman Institute (Helsinki, Finland). PCR mixtu@nd conditions were the same as in
the DHPLC analysis (see section 8.PER products were purified using the NucleoSpin
PCR purification kit (Matcherey-Nagel, Duren, Genypaccording to the manufacturer’'s
instructions. Direct sequencing of the PCR prodweas performed using the BigDye3
termination chemistry (Applied Biosystems) and &l 8100 Genetic Analyzer (Applied
Biosystems) according to the manufacturer’'s insions, and the sequences were
analyzed with the Sequencing Analysis 3.0 softwApmplied Biosystems).

Pheochromocytomas were screened by sequencing ®fAcCbecauseonly the
corresponding RNA was available (IV). Primers fdret5' fragmentof FH were
CTCCCTCAGCACCATGTACC (forward) and CCACTTTTGCAGCAACCTTT
(reverse); for 3' fragment CTTGGGCAGGAATTTAGTGG (forward)and
GCAGTTTCCTTTCAAACTTATCC (reverse). PCR reactions were penkedin a 50 pl
reaction volume containing 200 ng cDNA, 1xPCR buffApplied Biosystems), 300
umol/L each dNTP(Finnzymes), 1.25 of umol/L of both primers, and aJ of
AmpliTaqgGOLD polymerase (AppliedBiosystems). MgGl concentrations were 2.8
mmol/L for the 5fragment and 1.4 mmol/L for the 3' fragment. Thdadiweing cycling
conditions were used for the 5' fragment: 10 misgke 95°Cfollowed by 40 cycles of
denaturation at 95°C for 45 secondsnealing at 56°C for 1 minute, and elongation at
72°Cfor 1 minute, and final extension at 72°C for 1Ghates.Equivalent conditions for
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the 3' fragment were used despite the anne&dimperature, which was decreased from
60°C to 57°C ab.5°C per cycle, and from 57°C to 56°C aftee cycles.

The corresponding cDNA of leiomyoma P4M3 was analyaeletect a splicing defect on
the mRNA level (V). Primers for cDONAmplification were as follows: forward primer,
TGGTATGGCAGACTGGATCA;reverse primer, CACCACGCAGTTTTCTGTA. PCR
reactions and conditionsere slightly different from those for pheochrommmya 5'
fragmentamplification in MgC} concentration (4.2 mmol/L), annealingmperature
(57°C), and number of denaturing/annealing/elogatycles. In order to separate
differentially-spliced mRNA variants, P4M3 and tberresponding normal sample were
run on a 1% agarose standard low melting gel (Bad-Raboratories, Herculer, CA, USA)
at 100 V for 60 min (V). The separated bands wetdrom the gel. PCR products were
purified using the QIAquick PCR purification kit @5(Qiagen) according to the
manufacturer’'s gel extraction protocol. The purif@@ducts were reamplified using the
same protocol as in the original cDNA PCR to gdfigent amount of template for
sequencing reactions. The sequencing protocol RIXA was the same as that for
genomicsequencing.

10. Fumarate hydratase enzyme activity assay (l)

In order to study the functional relevancerd1 mutations, enzyme activity of FH was
assayed in lymhoblastoid cell lines from affectedividuals and spouse controls and in
leiomyomata according to the protocol describedHaych et al. (1978) (Table 2). The
assay is based on coupling of malate productionFbly to nicotinamide adenine
dinucleotide (NADP+) reduction via the malic enzyrii@e fumarase enzyme present in
the cells/ tissue catalyzes the conversion of fateato malate. Reduction of NADP+ to
NADPH occurs via the malic enzyme in the conversadnmalate to pyruvate. The
formation of NADPH is measured by absorbance detecthe assay starts with fumarate
(final concentration 10 nM), lymphoblast sonicé®,mM HEPES-KOH pH 7.5, 0.27 nM
NADP+, 4 mM MgC}, 5 mM potassium phosphate, and 0.2 units/ml offipdr malic
enzyme (EG, 40, Sigma, St Louis, MO, USA)These measurements were carried out in
the laboratory of Dr. Simon Olpin (Sheffield Chiars Hospital, Sheffield, UK).

11. Splice site prediction (lII)

The potential effect of intronic and silent chang®es splicing was predicted by
computational methods using NetGene2 splice siteedigtion web server
(http://genome.cbs.dtu.dk/services/NetGene2/).
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RESULTS

1. Fumarase (FH) is the predisposing gene in the
hereditary leiomyomatosis and renal cell cancer
(HLRCC) syndrome (1)

Because of similarities detected in phenotypes @retlapping linkage regions, it was
evident that HLRCC and MCUL might actually be omel @dhe same syndrome. In order
to further narrow down the target region of the HIRMCUL predisposing gene,
additional genotyping in three Finnish and 19 Uknilees was performed. In addition to
microsatellite markers in public databases, we tiied 28 new polymorphic tandem
repeats between markers D1S517 and D1S2842/D1840eh was the minimal disease
locus previously defined by Ala al. (2001) and Launoned al. (2001). Haplotype
constructions pointed out critical recombinatiomstio large families, FAM-1 from
Finland and family n:o 307 from the UK. The dise&sais was placed on the 1.6 Mb
region between clones BAC RP11-25B4 (centromericldé®) and BAC RP11-553N16
(telomeric border). The target area could not beathér narrowed down by LOH
analysis of tumors.

The co-occurrence of leiomyomas and renal cell aancéaree Finnish families and non-
mendelian inheritance in two UK families suggestkd possibility of large germline
deletions in the target region. Deletions of 2.4 dtal 1.9 Mb were detected in two UK
families (207 and 713, respectively) but not in asfythe Finnish families in FISH
analyses. The data matched closely the minimal medgdined in microsatellite mapping.

In the minimal region, 6 known genes, 17 putativedicted new genes, and 42 ESTs
were identified. Most of the predicted genes and E®I4 and 32, respectively)
recognized had no homology to any known gene oteproThe known genes included
RGS7, FH, KMO, OPN3, CHML andEXQO1). The majority of the candidate sequences in
the minimal region were analyzed for mutations, putative pathogenic changes were
found only infumarase (fumarate hydratase, FH) located in the BAC clones RP11-
409K12 and RP11-527D7 (Table 3). TREl gene encodes a mitochondrial FH protein
which is a key enzyme in energy metabolism, catafyfumarate to malate in the Krebs
cycle, i.e. the tricarboxylic acid cycle (TCAC) (kg 2). The=H gene has been believed
to additionally encode a shorter cytosolic formeTytosolic isoform of FH is involved in
the urea cycle and amino acid synthesis.

FH consists of 10 protein-coding exons, spanning @&&rkb in the human genomic
sequence. The first exon encodes the mitochonsigakl peptide (hamed exon 0) of 44
amino acids, and the other nine the mature mitoghalnprotein of 466 amino acids. The
numbering of the exons, amino acid residues, aradeatidepositions presented in this
study is based on the mature cytosolic isoforldf(NM_000143.2) (Figure 3).
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Table 3. Fumarase (FH) mutations detected in this study in hereditary leiomyomatosis and renal
cell cancer (HLRCC)/multiple cutaneous and uterine leilomyomata (MCUL) (Sudy 1) and in
nonsyndromic counterparts of tumor types observed in HLRCC (Sudies IV and V).

Family or tissue Origin M utation Exon  Study
HLRCC" (UK) Germline Whole gene deletion 0-9 I
HLRCC (UK) Germline Whole gene deletion 0-9 I
HLRCC (UK) Germline GIn4Stop 1 I
Sarcoma of a limb, (FIR Somatic (+LOH) Arg8Glu 1 \Y%
HLRCC (UK) Germline 58delC 2 I
RCC* HLRCC FAM-2 (FIN) Somatic (P'hit)  121delTG 2 I
HLRCC (UK) Germline Arg58Stop 2 I
HLRCC (UK) Germline Arg58Stop 2 I
HLRCC (UK) Germline Arg58Stop 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Asn64Thr 2 I
HLRCC (UK) Germline Ala74Pro 2 I
HLRCC (UK) Germline His137Arg 3 I
HLRCC (UK) Germline GInl42Arg 3 I
ULMS® (FIN) Germline His153Arg 4 I
HLRCC FAM-1 (FIN) Germline 541delAG 4 I
HLRCC FAM-2 (FIN) Germline 541delAG 4 I
Cutaneous leiomyoma (FIN) Germline 541delAG 4 I
HLRCC (UK) Germline Lys187Arg 4 I
HLRCC (UK) Germline Lys187del 4 I
HLRCC (UK) Germline Arg190His 4 |
HLRCC (UK) Germline IVS4-15T>G 4 I
Uterine leiomyoma (FIN) Somatic (+LOH) Alal96Thr 4 \%
Uterine leiomyoma (FIN) Somatic (+LOH) IVS4 + 3A>G 4 \%
HLRCC (UK) Germline Gly239Val 5 I
ULMS (FIN) Somatic (2% hit) Leu240Stop 5 v
RCC, HLRCC FAM-1 (FIN) Somatic (Zhit) Met285Arg 6 I
HLRCC FAM-3 (FIN) Germline Arg300Stop 6 I
Cutaneous leiomyoma (FIN) Somatic"{hit)  Arg300Stop 6 v
HLRCC (UK) Germline 1220delG 8 I

! Hereditary leiomyomatosis and renal cell cancer

2 Finnish origin

® Loss of heterozygosity

* Renal cell cancer

® Uterine leiomyosarcoma
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Figure 2. Tricarboxylic acid cycle (TCAC) and tumorigenesis. TCAC is the final common route
for the oxidation of amino acids, fatty acids, and carbohydrates. Dysfunction of two TCAC
enzymes has been reported to be involved in human tumogenesis so far. Biallelic inactivation of
fumarase (FH) has been observed in most of the tumors in hereditary leiomyomatosis and renal
cell cancer (HLRCC). Defects in three of the four components of succinate dehydrogenase (SDH)
complex have been identified to predispose to hereditary head and neck paraganglioma (HPGL)
and pheochromocytoma.

FH mutations were found in 25 individuals, coverifiglaree Finnish families and 19 out
of 39 UK families (Table 4). Sequence alteratioresenfound in 7 out of 10 exons and
included 10 protein truncating changes (nonsensk feameshift mutations), 2 large
germline deletions, 12 single amino acid substingj and 1 whole gene deletion (Table
3). The missense mutations were targeted in hightgerved amino acids and none of the
changes were reported as known polymorphisms iigodbtabases nor were found in
150 healthy population controls.
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Table 4. Fumarase (FH) mutation positive hereditary leiomyomatosis and renal cell cancer
(HLRCC) families and the number of malignancies.

Country  Mutation Families Families Families References
of origin positive studied (patients) (patients) with (mutations detected)
families withrenal leilomyosarcoma
cell of the uterus
carcinoma

Finland 6 6 5(12) 2(4) Study |

Lehtonenret al. (2005)
UK 38 42 1(1) Study |

Alam et al. (2003)
Alam et al. (2005)

USA 52 56 18 (38) Toret al. (2003)
Wei et al. (2005)

Tunisia,

Ethiopia,

Greece, 16 16 Martinez-Mir et al.
Puerto (2003)

Rico Chuangget al. (2005)
Australia,

[ran

Poland 1 1 1(1) Chaat al. (2005)
TOTAL 113 121 25 (52) 2(4)

Two of the Finnish families, FAM-1 and FAM-2, sharaddeletion of 2 base pairs at
nucleotide 543 (of the mature mitochondrial profesix UK families carried the same
missense change Asn64Thr, and three UK familiesesghdhe nonsense mutation
Arg58Stop. Common ancestry was not known for anyheffamilies sharing the same
mutation. In the third Finnish family, FAM-3, a trcating mutation Arg300Stop was
detected (Table 3).

Biallelic inactivation ofFH was observed in 28 out of 32 (88%) tumors studidilic
loss was detected in most cases, in 21 out of Bi@mas and in 5 out of 7 papillary
renal cell cancers. The remaining two renal candeglayed somatic second hits, a 2
base pair deletion at codon 41 and a missense elMat85Arg.

To confirm the hypothesis that an absence or regucbf FH through biallelic

inactivation is the cause of tumorigenesis in HLR@CUL, FH enzyme activity was

measured. The FH enzyme activity assay showed disagn decrease of enzyme activity
in tumor samples (range 198-438 pmol/mg/min) comgbao control values (459-1104
pmol/mg/min). Lower FH enzyme activity in individsawith missense mutations
compared to individuals with whole gene deletion tamcation of the protein was
observed.
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Figure 3. Sructure of the fumarase (FH) gene and the known mutations in hereditary
leilomyomatosis and renal cell cancer (HLRCC), nonsyndromic tumors, and fumarase deficiency
(FHD). FH consists of 10 exons. Exon 0 is the mitochondrial signal peptide. Mutations in HLRCC
and FHD overlap. No genotype-phenotype correlation has been detected in HLRCC. The
numbering of the exons, amino acid residues, and nucleotide positions are based on the mature
cytosolic isoform of FH (NM_000143.2). Figure updated from Kiuru and Launonen (2004).

2. Fumarase (FH) in familial prostate cancer (1)

The occurrence of prostate cancer iRk mutation carrier immne HLRCC family and a
frequent occurrence of kidney candemne cases in 19 families) among US HPRCA
families showing linkage to 1g42.2-43 supported pussible role of FH defecis
prostate cancer predisposition (Launoretnal. 2001). No germline mutations in the
coding sequencer within the conserved splice site regionsFéf was detected in the
seriesof 108 prostate cancer patients from 89 familiese @Qnique base pair substitution
T>C was observed irthe 3‘-untranslated region (UTR), nine base-pairkerathe
termination codon of the gene. A silent polymorphig98G>A was observeid five
samples in exon 7, and there was one heterozygobstitsition C>T 11 base-pairs
upstream from the translationitiation codon.
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3. Fumarase (FH) in familial breast cancer (lll)

In this study, 85 Finnish breast cancer casesFidr mutations were analyzed. The
rationale of the work was occurrence of breast eencases in Finnish HLRCC patients
carrying a germlind=H mutation (Launonest al. 2001). Mutation analysis revealed no
disease-causing changes. Three previously detedigdh@phisms (unpublished data)
were found: 798 G>A (Pro266Pro) (two individualsneo heterozygous and one
homozygous), IVS2+61T>A (one individual), and IVS2A3G (one individual). The
changes were not predicted to have an effect aairspltestedn silico by the NetGene2
program. Most (75 out of 85, 88%) of the studiedesawere selected based on positive
family or personal history for tumors seen in HLRCC.

4. The role of fumarase (FH) in nonsyndromic
tumorigenesis

4.1. Fumarase (FH) mutations in tumor types observed in HLRCC
(IV)

To clarify the role of FH in nonsyndromic tumorigeise tumor types associated with
HLRCC/MCUL were analyzed fofH mutations. The extended series of 200 tumors for
FH mutation screening included 10 cutaneous leiomgomMa uterine leiomyomas, 52
renal cell carcinomas, 53 sarcomas, 29 prostateincanas, and 15 lobular breast
carcinomas (Table 5).

In the nonsyndromic tumors, the frequencybf mutations was very low, with mutations
detected only in 3 out of 200 (1.5%) lesions. le kiomyosarcoma from patient LS10, a
missense mutation His153Arg in exon 4 and a nomsengation Leu240Stop in exon 5
were detected (Table 3). The His153Arg change wasdoalso in the germline,
suggesting the familial origin of the case. The deamccurred in the evolutionarily
conserved region dfH. The change was not reported as a known polymorph® was
detected in a panel of 268 control chromosomeseatS10 was first diagnosed with
uterine leiomyomatosis, and despite two myomectemithe malignant uterine
leiomyosarcoma was detected two years later. Theag@ge of onset (32 years) was
compatible with predisposition to hereditary caregrdrome.
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Table 5. Nonsyndromic tumor types analyzed for fumarase (FH) defect and observed mutations.
Somatic mutations detected jointly with germline changes are shown in parentheses.

Tumor Type Number of Germ-  Somatic Other Findings Reference
Cases line Muta-
M uta- tions
tions
HL RCC? associated tumor s
Uterine leiomyomas 41 Study IV
0,
129 > LOH atFH o eretal. (2002)
ocus
0,
153 2 SOOLOHAFH  suayy
ocus
45 1 Barkeet al. (2005)
Cutaneous leiomyomas 10 1 Q) Study IV
Uterine leiomyosarcomas 18 1 Q) Study IV
26 54% At at 1g42 Barkeet al. (2002)
Ylisaukko-oja
67 1 etal. (2006)
9 Barkeret al. (2005)
Other sarcomas 35 1 Study IV
Renal cell cancer 52 Study IV
Other tumors 44 Study IV
15 Matyakhina
et al. (2005)
Non-HLRCC associated 299 Study V
tumors
TOTAL 943 4 3(+2)

! Hereditary leiomyomatosis and renal cell cancer

Z Loss of heterozygosity
% Fumarase
4 Allelic imbalance
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In the cutaneous leiomyoma from patient IL10, aa&épair deletion 541delAG in exon 4
was detected, in addition to the tumor, in the gdima of the patient (Table 3). This
mutation was found previously in two Finnish HLRC&riilies, nevertheless no common
ancestry is known. The 541delAG was not presenhén448 Finnish healthy controls.
Additionally, a somatic nonsense mutation Arg30@St@as found in exon 6.

The only biallelic inactivation ofFH purely at the somatic level was found in a saitie
sarcoma. The sequence change Arg8Glu in exon lt¢arge amino acid conserved in
yeast andescherichia coli. The tumor displayed also a loss of the wild tifbeallele. At

the time of the diagnosis, the patient was 48 yeltsand had a metastasized soft-tissue
sarcoma in her right lower limb.

4.2. Fumarase (FH) in nonsyndromic uterine leiomyom  as (V)

4.2.1. LOH analysis

LOH at theFH locus was analyzed by two polymorphic microsatetharkers in the set
of 166 unselected uterine leiomyomas fréinindividuals. The markers were located on
either side of thé-H locus. 153 leiomyomas from 46 individuals war®rmative for at
least one of the markers. The presence or absendg@tbivas visually evaluated based on
the different heights of the allele peaks. Alldbss wasbserved in five myomas (5 of
153, 3.3% of myomas), derivé@m five different patients (5 of 46, 11% of patig). One

of these lesions was informative with both marlkard showed OH at both marker loci,
whereaghe other four were informative at one marker, tith the centromeric and two
with the telomeric microsatellite repeat.

4.2.2. Fumarase (FH) mutation screening

Five leiomyomas showing LOH were subjected~té mutation screening by DHPL{O
detect the putative second alteration in the remgiallele. Two myomas, P32M1 and
P4M3, showed aberrant chromatographs in exon 4.0hérm the finding and define the
actual mutations, all five myomas were reanalyzgdsequencing of exon 4. Three
lesions were mutation-negative, and two displayedHamutation. The three myomas
where a mutation in exon 4 was not found were sscpek for the rest of the coding
sequence. The result of this analysis was alsotiwegaompatible with the results from
the DHPLC analysis.

Myoma P32M1 harbored a missense change Alal96TlBK358) inexon 4 (Table 3 and
5). The altered amino acid is completely conseragtbng species from humans to
Escherichia coli. This change wasot found in six other leiomyomas from patient P32.
Allelic imbalance was not present at the Alal96Thr mutasitey suggestinghat the
deletion observed in the marker analysis was cerdric.Myoma P4M3 harbored a splice
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site change IVS4 + 3A>G, which is predicted to lesudeletion of exon 4. Loss of the
remaining wild type allele at the mutation site vedso seen. The additional two myomas
from patient P4 were mutation-negative in sequenoihexon 4. Genomic normal tissue
DNA sampledrom these individuals were sequenced forFl exons buno alterations
were detected, confirming the somatic origirthef mutations and nonsyndromic nature of
the cases.

The predicted consequence of the splice site chdetgtion of exon 4, was confirmed by
cDNA amplification andsequencing. Histopathological evaluation of #id mutation-
positivelesions confirmed that they were typical leiomyomaihoutany distinct features
such as atypia (data not shown).

4.3. Fumarase (FH) mutations in non-HLRCC associated sporadic
tumors (V)

In the FH mutation analysis of this large series of non-HIR&ssociated, nonsyndromic
(apparently sporadig)eoplasias, including 10 malignant tumor types,ensuccessfully
examined (success rate 94%), batcoding region mutations or splice site changesgew
identified (Table 5). Probable polymorphisms detected wereoliews: silent change
798G>A (10 tumors), and three intronic alterati®viS2-21A>T (six tumors), IVS3 +
32A>G (one tumor), and IVS2 61T>A (one tumor). The heterozygous substitutiamfr

C toT 11 base-pairs upstream from the translation trotlacodonwas observed in one
papillary thyroid carcinoma. The correspondiggrmline change was detected in a
familial prostate cancgratient, and therefore seems to be an infrequelytmoophism

().
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DISCUSSION

1. Localization and identification of the predispos  ing
ene for hereditary leiomyomatosis and renal cellc ~ ancer
HLRCC) (1)

In the genome wide linkage study of two Finnish ifaas, Launonenet al. (2001)
demonstrated that the susceptibility gene for HLRi€Qikely located on chromosome
1942-q44. Independently in UK, linkage and hapletgpalysis of 11 families segregating
MCUL showed evidence for linkage to the same reginrchromosome 1q42-g43 (Alam
et al. 2001). LOH analysis in tumors from HLRCC family mieers at 1q42-g43 was
compatible with the linkage data and confirmedfthdings. Detection of wild-type allele
deletions at 1g42-44 in most tumors of both Finkstdreds studied also suggested that
the underlying genetic defect is associated witbhnaor suppressor function (Kiued al.
2001, Launonest al. 2001).

In this study, the predisposing gene for the HLR&¢hdrome was localized and
identified. The critical step in the gene identifioa effort was that the minimal target
region could be narrowed down to 1.6 Mb by comlgnmarker data from Finnish and
UK families. FH was the only gene out of 6 known genes and ovdrascripts in the
minimal target region carrying putative pathogerhanges (I).

In this study, it was further confirmed that thentus from HLRCC/MCUL family
members followed the classical Knudson’s model windr suppressor inactivation
(Knudson 1971). All seven papillary renal cell carscand 21 out of 25 leiomyomas
studied showed inactivation of the wild type allale most cases through allelic loss (I).
This finding was further confirmed by an FH enzynuaivity assay which showed a
significant decrease of enzyme activity in tumompkes compared to control values.
Lower FH enzyme activity in individuals with missen mutations compared to the
individuals with whole gene deletion or truncatmfithe protein indicates susceptibility to
a dominant-negative effect (I). This phenomenon agical given the fact that the
functioning enzyme is a homotetramer. In subseqgsiemlies it has come evident that the
FH enzyme activity assay provides comprehensivsith@ty and specificity in detecting
pathogenid-H alterations (Alanet al. 2003, Weiet al. 2005).

These data strongly suggested thidtis a predisposing gene for HLRCC/MCUL and acts
as a tumor suppressor.

1.1. Fumarase (FH) gene

The humarFH gene consists of 10 exons encoding 510 amino &Eigare 3). The first
exon (exon 0) encodes a mitochondrial localizatgignal peptide (Edwards and
Hopkinson 1979a, Edwards and Hopkinson 1979b). Higkly conserved in evolution,
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with 66% identity shared between the human &ndervisae FH proteins. The lyase
domain of human FH includes the catalytic sitehaf protein (Figure 2). The superfamily
signature peptide is conserved between proteiigdimg FH, aspartase, adenylosuccinate
lyase, arginosuccinate lyase, ancrystallin (Estevert al. 2002).

Mitochondrial FH is a key enzyme in energy metadoli catalyzing fumarate to malate in
the Krebs cycle, i.e. the tricarboxylic acid cy¢lBCAC) (Figure 2) (Krebs and Johnson
1937). TCAC is the final common metabolic pathway tfte oxidation of amino acids,
fatty acids and carbohydrates under aerobic camditgenerating high-energy molecules,
ATPs (Stryer 1995, Rustiet al. 1997). In addition to the mitochondrial peptide, a
cytosolic isoform of FH also exists. The cytosoboform of FH is involved in the urea
cycle and amino acid synthesis. In humans, two &tlorms have been shown to be
encoded by a single gene (Tolley and Craig 1975, Ettvand Hopkinson 1979b).
Studies in rat suggested that mitochondrial andspltc fumarases are synthesized from
one species of MRNA by two alternative translationdiation codons (Suzuket al.
1989, Tuboiet al. 1990, Suzuket al. 1992). According to yeast studies, there is omlg o
translation product (Steiset al. 1994). After signal peptide cleavage by mitochaaldr
matrix peptidase, a subset of FH will be recruitedk to the cytosol (Sassal. 2001). It
was further shown in yeast that proper and rapidirig of the protein is the driving force
for the recruitment of processed FH back to cyt¢Sak<t al. 2003).

1.2. Fumarase deficiency (FHD)

Mutations inFH, in a homozygous or compound heterozygous form, veeiginally
found in a metabolic disease FH deficiency (FHD, I®ML36850) characterized by
neurological impairment and encephalopathy (Zehral. 1986, Bourgeroret al. 1994,
Deschauekt al. 2006). FH enzyme activity is absent or signifitaméduced in all FHD
patients’ tissues due to homozygous germline nartatof the gene, and these patients
usually die at the age of few months (Rusiral. 1997). Although the decrease in the
enzyme activity in FHD patients is similar compared the HLRCC tumors, no
leiomyomata has been reported in FHD, definitelgdose of the very short life span of
these patients. FH enzyme activities of heterozggumarents of FHD patients are typically
30 to 60% of those of healthy controls (Gelleral. 1990, Bourgerosmt al. 1994).
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2. Fumarase (FH) in hereditary leiomyomatosis andr  enal
cell cancer (HLRCC) (I)

2.1. Clinical features

Leiomyomas of the skin and uterus were the mosvgheat lesions in the HLRCC
families (1). In Finnish HLRCC families these tursawere found in 87% (26 out of 30) of
individuals segregating germline mutationsHiH. Nevertheless, occurrence of RCC was
limited to the three Finnish HLRCC families withwiopenetrance (7 out of 30 Finnish
patients; 23%), renal lesions were crucial in tiaracterization of the syndrome in
Finland. Even though the phenotypes are congruenmtany respects, the considerably
high frequency of renal cancers among Finns anéraesamong UK MCUL families
could not be explained by different mutation spauois (Figure 3). Much more data will
be needed to determine if tumor spectrums vary é@tvwpopulations or if the differences
are due to selection bias. Finnish HLRCC familiesrav collected and primarily
characterized by RCC, more precisely accordingt® papillary type Il histology,
whereas UK families were identified merely based mltiple skin and uterine
leiomyomas. Currently 112 HLRCC families segregatifH mutations have been
identified world-wide (Table 4) (1) (Alanet al. 2001, Kiuruet al. 2001, Launoneeat al.
2001, Alamet al. 2003, Martinez-Miret al. 2003, Toroet al. 2003, Kiuru and Launonen
2004, Alamet al. 2005, Charet al. 2005, Chuangt al. 2005, Lehtoneset al. 2005, Weiet

al. 2005). Although there is no population-based imfation of the prevalence of
HLRCC, it has been estimated to be very low (Kianad Launonen 2004).

The penetrance of cutaneous and/or uterine leiomgasnligh, up to nearly 100%, in all
populations (1) (Toraet al. 2003, Alamet al. 2005, Chuangt al. 2005, Weiet al. 2005).

In HLRCC patients, uterine leiomyomas cause moversesymptoms than in the general
population. HLRCC myomas are more numerous anceigappear at younger age, and
result more often in earlier hysterectomy than othgomas (Alaret al. 2005, Torcet al.
2003). In the UK study of MCUL, 87% of women withetine fibroids also had skin
leiomyomas (Alamet al. 2005a, Alamet al. 2005b). Cutaneous leiomyomas are benign
tumors composed of interlacing bundles of smootltsateucells with centrally located
blunt-ended nucleus. The size of most skin myomadL&CC patients varies between 2
and 20 mm and they diverge greatly in appearandan{fet al. 2005). Cutaneous
leiomyomatosis in HLRCC typically has early ongafging from 10 to 47 years (Toeb

al. 2003, Alamet al. 2005). Penetrance estimates for skin leiomyomasl@0% in men
and 76% in women. The higher number of skin myomasen than in women suggests a
putative role of hormonal regulation in these lasi¢Alamet al. 2003).

In addition to benign lesions, malignant RCC andM&. are present in a subset of
HLRCC families. Currently, 52 patients with RCC bkaleen identified in 24 HLRCC
families, originating predominantly from Finlandcdathe US (24 out of 112 families,
22%) (Table 4) (Launoneda al. 2001, Kiuruet al. 2001, Alamet al. 2003, Weiet al.
2005, Kiuru and Launonen 2004, Tataal. 2003, Charet al. 2005). Our original findings
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suggested striking differences in renal canceraesnce between Finland and the UK (I).
Only one metastasized collecting duct carcinoma aliagnosed at age 16 years was
reported in the UK compared to 12 RCC cases imRthl(Alamet al. 2003, Lehtonert

al. 2005) (). The currently available data still sugpothe original finding that the
prevalence of kidney cancer is higher in Finland #me US than in other populations
(Table 4). A key feature in these RCC tumors isrtheitopathology, which was crucial in
identification of the syndrome (Launonehal. 2001). HLRCC renal tumors typically
display rare papillary type 2 histology, but alttge two collecting duct renal carcinomas
have also been described (Launoeeal. 2001, Alamet al. 2003, Weiet al. 2005). The
age of onset is low (median 40.5 years in Finlaar) the progression of the disease is
aggressive (Launonest al. 2001, Toroet al. 2003, Lehtonest al. 2005).

ULMS is a rare malignant mesenchymal tumor. At emngs four patients with
leiomyosarcoma in two HLRCC families have been fidied. Interestingly,
leiomyosarcoma cases are restricted to the Finpgpulation (Kiuruet al. 2001,
Launonenet al. 2001, Lehtonert al. 2005). The age of diagnosis of ULMS has varied
from 30 to 39 years, whereas in the general poipualahey typically occur in old age
(Kiuru et al. 2001, Launonert al. 2001, Lehtoneset al. 2005).

In order to study the cancer risk and mutation gpet in Finnish HLRCC families,
comprehensive and unbiased data has been obtaomad68 individuals included in the
FH mutation-positive families (Lehtonest al. 2005). The risk analysis provided
statistically significant results with 6.5-fold ieased risk for RCC and 71-fold increased
risk in ULMS compared to the general population.réevidence for the crucial role of
FH was obtained from LOH analysis of the tumor ses@vailable fronFH mutation
carriers. Somatic inactivation was observed in 83%/12) of renal cell tumors and in
100% (3/3) of uterine leiomyosarcomas (Lehtoretnal. 2005). The results further
confirmed our original finding that malignant lessy predominantly renal cell carcinoma
and uterine leiomyosarcoma, are significant comptsef HLRCC tumor spectrum.

Other tumor types have also been detected in HLR@lies: breast carcinoma, prostate
cancer, hematological malignancies, leiomyosarcofmthe skin, bladder cancer, brain
tumor, and angiolipomata of kidney (Launoretral. 2001, Toroet al. 2003, Alamet al.
2005, Weiet al. 2005). Lehtonert al. (2005) provided evidence that other malignancies
may also be promoted by loss of FH. All four breasti one bladder carcinomas studied
displayed loss of the wild type allele at fid locus.

Recently, the massive macronodular adrenocortislade (MMAD) has been added to
the list of HLRCC phenotypes (Matyakhigal. 2005). An inactivatingH mutation was
found in a patient with atypical Cushing syndromas{ OMIM 219080) due to MMAD
with adrenocorticotrophic hormone (ACTH)-independant bilateral hyperplasia of the
adrenal glands. MMAD is a rare heterogenous disoofl@&inknown etiology associated
with CS. ACTH-independent CS is caused by adrenmebriumors or hyperplasias. CS
may also be part of a complex including cutaneond aardiac myxomas, spotty
pigmentation of the skin, and hypertension (Tediag Berkhoutt al. 1986, Teding van
Berkhoutet al. 1989, Torpyet al. 2002).
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2.2. Germline mutations of fumarase (FH) in hereditary
leiomyomatosis and renal cell cancer (HLRCC)

In the predisposing gene identification study AH mutations segregating in HLRCC

families included whole gene deletions 8% (2/2B)ntating mutations 40% (10/25), or

substitutions and deletions 52% (13/25) of congkramino acids (Table 3). This mutation
data did not display any logical support for gepetphenotype correlation. Although

Finnish changes were protein truncating mutatioms eould potentially lead to more

severe symptoms (a 2 bp deletion and a nonsensatiom)f no malignancies were

detected in UK families with truncating changesluding whole gene deletions, two

different nonsense mutations, and a 1 bp deletewrsinog a frame shift (I). In these

families mutations tended to occur towards the anterminus of the gene and some
clustering of mutations could be detected in exdrand 4. Mutations Arg58Stop and

Asn64Thr were detected in three and six UK familiespectively, indicating the location

of a putative mutation hot spot. Additionally, fieé the mutations were detected between
codons 181 and 190, representing the third poshitlespot. Two of these changes were
found in the Finnish HLRCC families. In none of skecases could the possibility of
founder mutations be excluded because of lackffitgnt haplotype information (1).

Mutation analyses of additional HLRCC families haféered more detailed information
aboutFH mutations and their distribution (Figure 3) (Kiwgual. 2001, Launonemt al.
2001, Alamet al. 2003, Martinez-Miret al. 2003, Toroet al. 2003, Charet al. 2005,
Chuanget al. 2005, Lehtonert al. 2005, Weiet al. 2005). Single base pair substitutions
(78%, 87/112) represent the great majority of theations reported in HLRCC families.
Only 14% of the substitutions are nonsense chaogeging a stop codof:H missense
mutations have been recently found to be clusteoedully conserved amino acids,
functional substrate-binding sites, or in the suii-interaction regions (Alaret al. 2005).
No apparent phenotypic differences can be detdmtddeen mutation types (Figure 3).
FH mutations have been detected in totally over 90%published HLRCC/MCUL
families (112 out of 120) reflecting homogenous ejenbackground of this syndrome
(Table 4).

In FH, exons 4 and 6 seem to be mutation hot spotsugthmutations extend along the
whole gene. Thirty-five percent d¢fH germline mutations are located in exon 4, and
almost half of these in codon 190. The second mosinwon change Arg58Stop,
originally found in the UK, has been reported alsoHLRCC families from other
populations (Figure 3) (Chuarey al. 2005, Weiet al. 2005). Increasingly accumulating
evidence for the non-existence of genotype-phemoagsociation comes from the finding
that both of these hot-spot mutations have beesctdzt in families with and without RCC
(Wei et al. 2005). Due to lack of haplotypes of key indivitdyat remains unsolved if
some of these mutations represent either an actiapot or a founder mutation (Kiuru
and Launonen 2004, Wet al. 2005).

The reduction of FH enzyme activity (50%) in paresft§HD patients is very similar than
activity in the germline of heterozygousH mutation carriers in HLRCC families
(Bourgeronet al. 1994) (1). Surprisingly, leiomyomas or other lesocharacteristic for
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HLRCC have not been reported previously in hetegomg parents or siblings of FHD
patients. After careful examination, one heteromggarent of FHD patients was
observed to have cutaneous leiomyomas (I). Thislyampieviously described by Gellera
(1990), segregates a different missense chandeisame codon (190) as one of the UK
MCUL families (Argl90Cys and Argl90His, respectipel (I). Other genotypic
similarities, such as Argl90His mutations, haveo dieen observed in both FHD and
HLRCC, therefore the mutation spectrum seems torlawe(Figure 3) (Kiuru and
Launonen 2004). In two other families where clihieasamination of HLRCC-related
neoplasias was executed, no signs of leiomyomanasiRCC was detected (Renetsl.
2004, Deschauet al. 2006). In the first family the clinical examinat® of the father and
mother of these patients were made at the age$ @ihd@ 33 years, and for the second
family at 46 and 52 years. FH enzyme activity imithfibroblasts was close to the
expected 50% of the normal value. Furthermore, Atral. (2003) reported an FHD
family where neither of the heterozygous parentd daveloped HLRCC-associated
lesions. This outcome is extremely confusing considethe almost complete penetrance
of myomatosis and early onset of symptoms in HLRTK: median age of diagnosis in
HLRCC leiomyomas is 25 (skin) to 30 (uterine) yeansd 36 (Finnish population) to 44
years (North American patients) in RCC. Althougledap in the mutation spectrum and
clinical features of FHD and HLRCC families exisggnetic and molecular mechanisms
behind observed discrepancies remains unknown.

3. The role of fumarase (FH) in other familial canc  ers

3.1. Familial prostate cancer (ll)

It was hypothesized that FH defeatay be associated not only with HLRCC, but also
with prostateancer predisposition. AAH mutation carrier in one HLRCC famihad had
prostate cancer. Kidney cancer cases were unexjpedtequent among US HPRCA
families showing linkage to 1g42.2-g4he fact that the genetic locus harborkfig had
been associatedith hereditary prostate cancer mdeté an attractive positionaandidate
for a prostate cancer predisposition geflee combination of functional and linkage data
indicates thatmutations inFH might underlie HPRCA in a subset of familie&n
extensive effort to screen for FH defects in HPR&#s performedo test the hypothesis
thatFH mutations may predispose to prostaecer.

Analyses of 89 high-rislPRCA families, of which 19 showed suggestive ewade of
linkageto 1942.2-9g43, was performed fBH mutations. The absence of coding region
splice site aberrations in this data set strongbgestshatFH is not a predisposing gene
for hereditary prostate cancé@ihese conclusions were strongly supported by negativ
results fromFH mutation screening of 160 affected individualsnir@7 UK prostate
cancer families (Bevaet al. 2003).
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Neoplastic formation of the prostate could in marays be linked to TCAC. The product
of theFH gene acts as a key enzyme in mitochonénakgy metabolism in the citric acid
cycle. In normaprostate cells, the oxidation of citrate is intgblitby aconitaseyhich
leads to the accumulation of citrate. Transformatrom citrate producing benign cells to
citrate oxidizing malignantells appears to be a key event in prostate cayemesis
(Costello and Franklin 200aYlitochondrial aconitase (m-aconitage;O-2) catalyzeshe
first step leading to the oxidation of citrate Vi@AC. In malignant prostate cells, citrate
production,a characteristic phenomenon of normal prostatehelpl cells,is shifted
towards citrate oxidation which is activated by ooitaseoverexpression regulated by
testosterone and prolactin (Costello and Frankl0(0). Reactiorbetween m-aconitase
and superoxide generates free hydroxyl radit@smay enhance mitochondrial oxidative
damage (Vasquez-Vivat al. 2000). Citrate servess an oxidizable intermediate in TCAC
and as a precurstor lipogenesis, which is accelerated in malignegits possiblyowing

to increased ATP production (Costello and Frank(6@®.

3.2. Familial breast cancer (lll)

An indication of the contribution dfH to mammary gland tumors was that three Finnish
patients withFH mutations in two HLRCC families had been diagnoseth breast
cancer (Kiuruet al. 2001). The first breast cancer detected in an HLR&l&nt displayed
lobular histology, a histology which comprises 1% unselected breast carcinomas
(Launoneret al. 2001).

So far, patients with breast cancer have only baetected in the Finnish HLRCC
families, in thred=H mutation-positive females (Kiuret al. 2001, Launoneet al. 2001).
Interestingly, two of these patients had also l#iagnosed with uterine leiomyosarcoma.
Breast cancer being the most common cancer tyf@males, it is conceivable that these
cases detected in the Finnish families are actspibyadic ones (Finnish Cancer Registry,
http://www.cancerregistry.fi (2004)). In this stydyH germline mutations were examined
in 85 Finnish patients with breast carcinoma, bat disease-causing mutations were
found. These results make it unlikely tHat is a major susceptibility gene for breast
cancer.
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4. Fumarase (FH) defects in nonsyndromic tumors

4.1. FH mutations in tumor types associated with HLRCC (IV )

To further evaluate the role of FH in tumorigenesgésanalyzed nonsyndromic tumors for
FH inactivation. Sporadic lesions, restricted te tahmor types associated with HLRCC,
were analyzed foFH mutations (Table 5). In this study, only one casa somatic loss-
of-function of FH (a missense mutation with LOH) was found in arpecgied soft-tissue
sarcoma of a lower limb. Additionally, one out di &¢utaneous leiomyomas displayed a
mutation also in the germline. The 2-bp deletiond®AG in exon 4 was earlier found in
two Finnish HLRCC families, although no common atogewas known for them (1). The
somatic second hit Arg300Stop was also identifi€db{e 3). The same mutation was
detected also in one Finnish HLRCC family (1), whimould be explained by this being a
mutation hot-spot region. Robust conclusions canometdrawn about frequency of
nonsyndromic cutaneous leiomyomas with an FH def€cat even a single mutation
positive case (1/10) was detected in a datasesth&l was surprising. More data will be
needed to determine the role of FH in cutaneousries

In one case of 18 unselected uterine leiomyosarspengermlind-H defect coupled with
a nonsense somatic mutation was also identified.thkee tumors displayed biallelic
inactivation of FH by two mutation events, furthmnfirming the biallelic inactivation
model of FH tumorigenesis. Surprisingly, f&l mutations were found in 52 analyzed
RCCs. Although five tumors had some histologicaerablance to renal tumors from
HLRCC patients, only two shared considerable smityla Considering the specific
histology of the HLRCC related RCC, this collectiohnonsyndromic renal tumors was
not probably optimal for the detectionféifl alterations.

Previously, four cases with ULMS segregatiRgl mutations in two Finnish HLRCC
families have been identified (Table 4) (Launomreal. 2001, Lehtonergt al. 2005). In
addition to this effort (IV) in the population-bakeohort of early onset nonsyndromic
leiomyosarcomas an FH amino acid change was foontl out of 67 (1.5%) tumors
(Table 5) (Ylisaukko-Ojaet al. 2006). According to these studies, the prevalerideH
germline mutations in nonsyndromic ULMS in Finlaisd2.4 % (2/85)FH mutations in
nonsyndromic ULMS have been examined in four sdépastudies including altogether
120 lesions but ULMS with-H defects have not been reported in any populattbero
than Finns (Table 5) (Barket al. 2002, Barkert al. 2005, Ylisaukko-Ojaet al. 2006)
(IV). Altogether, among FinnislFH mutation positive women, there are six casks
histologically verified ULMS, as well a0 cases with leiomyomas with atypia (Kiuetu
al. 2001, Launonert al. 2001, Kiuru and Launonen 2004, Ylisaukko-@jaal. 2006).
Diagnoses of ULMS were at very young ages, 27 tgezfs, and with atypia at 27 and 36
years. In the genergbpulation, ULMSs are rare and typically ocaurold age. These
findings seem to support the hypothesis that lemsaycomas belong to the tumor
spectrum of the HLRCC syndrome.
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Although germlineFH mutations in nonsyndromic ULMS are rare, the qoasabout
association of benign leiomyomas and malignantmgmsarcomas has arisen. This is of
interestconsidering the elevated risk of ULMS amoRH mutation carriers in Finland
(Lehtonenet al. 2005) Although previous cytogenesiudies have been unable to provide
a link between nonsyndromieiomyomas and leiomyosarcomas, recent microarray
expression data has provided evidence that sonwenyeisarcomas may arise from
leiomyomas (Levyet al. 2000). A rare subset of leiomyomas with chromosome
deletions was clustered together with leiomyosaao(hristacost al. 2003).

Allelic imbalance (Al) has been observed in a UKadat in 54% of nonsyndromic
leiomyosarcomas (Barket al. 2002). Association of FH defects and Al at 1g42ncd be
directly drawn, because random chromosomal abenstiare common in ULMS
(Packenhanet al. 1997, Huet al. 2001). Interestingly, no LOH or somatic mutatiovere
found in the ULMS with a germline mutation in a pégtion-based effort (Ylisaukko-Oja
et al. 2006). Significantly reduced FH enzyme activityswsaupported the preassumption
of the dominant negative effect and pathogenicreatfimissense mutations.

PCR fragments amplified in this study covered dhky coding sequence and the flanking
intronic sequences ¢fH. Untranslated 5’ and 3’ regions, distant regulat@ygions, and
most of the intronic sequences were not analylzigd. all PCR-based mutation-detection
technologies, our mutation analysis method wascaptble of detectinijrge genomic
deletions or insertions. Epigenetic alterations, clvhinclude DNA methylation and
histone modification, are also undetectable byddaeth DHPLC or genomic sequencing.
In many cancer cells, tumor suppressor genes, aiHL andretinoblastoma (RB1), are
inactivated by hypermethylation of their promoteG-@ch regions designated as CpG
islands (Sakaiet al. 1991, Hermanet al. 1994). To examine possible epigenetic
mechanisms if-H inactivation, Barkeet al. (2005) used immunohistochemistry to study
FH protein expression in nonsyndromic ULMS. No aesin FH expression was found
in any of the 9 tumors studied.

4.2. Fumarase (FH) in nonsyndromic uterine leiomyom  as (V)

It has been demonstratdtht germlineé=H mutations predispose to myomas of the uterus
and skinwith high penetrance in HLRCC families (1). Bialteinactivation ofFH, in the
majority of cases by LOH, is essential for Félated tumor growth. However, rieH
mutations were found in our first set of 26 unseldmonsyndromic uterine leiomyomas,
based on the previous findings som&itit mutations do occur, though at a low frequency
(1, IV). It was hypothesized that H is associatedith the development of nonsyndromic
uterine leiomyomas, mostutations should be found in lesions displayinglalllossat
1943. To test this hypothesis an extensive sebakyndromic 166 uterine myomas was
analyzed, first for LOH at thEH locus, and in the presence of allelic loss adalily for

FH mutation status.
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In this study, allelic loss at thieH locus was detected five of 153 (3.3%) informative
unselected leiomyomas from 46 individuals (10.9%@matid=H mutations were detected
in two out of five cases displaying LGOH the region of thd=H locus. The wild type A
allele seems to be under-represented in the segquémomatograph of the IVS4 +3 A>G
mutation site. This finding together with the LOHa@aupports our conclusion that FH is
inactivated through a somatic point mutation argk lof the second allele, and is a true
target of the 1g43 deletions.

A negative germlindcH mutation analysis oll exons, performed from normal tissue
DNA, confirmed the nonsyndromitature of both of the mutation-positive lesions and
excluded the possibility of polymorphism. Théd mutation data obtained are quite
convincing. The missense mutation affects a condemwgno acid, and changes the amino
acid subclass from neutral and hydrophobic to a¢w@tnd polar. The splice site change
results in deletioof the entire exon 4. Both mutations are locatetheFH mutationhot
spot detected in HLRCC families (Figure 3). Thes=sons displayed LOH at theH locus
but no mutations weraletected. Although random allelic loss is rare iterine
leiomyomas (Macaet al. 1999), random deletion of a chromosomal matetidlgacannot
be excluded in the three mutation-negative casesietermine the frequency of loss of
FH in uterine myomas, Gross al. (2004) performed a FISH analysis of 11 tumors with
1q rearrangements. Their data, showing absenceeoéapy ofFH in nine of 11 myomas,
suggested that loss of FH is involved in the dgwelent of a subset of nonsyndromic
uterine leiomyomas. Furthermore, mosaicism in thes®rs indicated that chromosome
1 cytogenetic rearrangements are secondary chamgjes pathogenesis of nonsyndromic
uterine leiomyomas. Multiple reportd cytogenetic rearrangements, alterations in gene
expressionand analysis of candidate genes in uterine leionaghave begoublished in
the last few decades, reviewed by Newbsildl. (2000). Barkeet al. (2005) studied FH
expression in a series of nonsyndromic 45 utemarlyomas, but found no evidence of
contribution of epigenetic mechanisms to formabbthese lesions.

Our LOH derived study design was based on theiegignowledge that in most of the
hereditary cases, biallelic inactivation of FH rdésdrom loss of a wild type allele. We
have found point mutations in a very small numifeilumors. In other studies examining
FH mutations on unselected sets of uterine leiomyommaly one germline mutation was
detected with loss of the normal allele (Barkeal. 2002, Barkeket al. 2005). Altogether
368 nonsyndromic uterine leiomyomas have been edutbr FH alterations, but only
three mutations have been detected (1 germlin@ awanatic) (Table 5).

This is the firsttime, to our knowledge, that specific inactivatipgint mutationsin
nonsyndromic uterine leiomyomas have been detenteshygene. Although mutational
FH inactivation in nonsyndromic uterifomyomas is uncommon at the tumor level, the
frequent co-existenaa® multiple myomas in patients suggests that thrmuoenceof FH-
deficient leilomyomas is not extremely rare. Overalminimumof 2.8% (2 of 72) of our
Finnish uterine nonsyndromic leiomyoma patientsdbbeedFH somatic mutations in at
least one of their myomas. This study further coméid the hypothesis that FH acts as a
tumor suppressor.

55



To investigate the role of FH in sporadic tumorigese652 lesions, including a series of
353 nonsyndromic counterparts of tumor types aasetiwith HLRCC, were analyzed
(IvV, V) (Table 5). In this study, altogether five dhe tumors displayed biallelic
inactivation of FH, three out of them purely on emstic level. FH mutations in
nonsyndromic tumors are rare (5 of all 652 lesi@n8%) and appear to be limited to the
counterparts of tumor types associated with HLRC®{6 of 353 HLRCC-associated
tumor types, 1.5%). Word-wide, seven tumors witiFehmutation have been detected in
studies including 644 HLRCC associated nonsyndrdesions (1.1%) (Table 5).

5. Function of tricarboxylic acid cycle (TCAC) gene  sin
tumor predisposition

5.1. Function of fumarase (FH) mutations

The recent findings thdH, known as a housekeeping—like geaets as a predisposing
gene in cancer has encouraged efforts to betteratashd molecular alterations promoted
by TCAC defects. Considering the logical correlatodrobserved FH enzyme activity and
tumor predisposition in HLRCC-related tumors, iultbbe postulated that the effect is
mediated through the function of the enzymaticatifive homotetramer (1).

Evidence that FH defects are mediated through TCAE gireen by Kokkaet al. (2005)
who studied the effect of HLRCC-associakdd missense mutation and knock-out strains
in yeast using a microarray platform. Two previougientified putative pathogenic
mutations were analyzed: His153Arg associated wtilignant phenotype (RCC and
ULMS) and Lys187Arg associated only benign myomas lRIHD (Coughlinet al. 1998)

(). Generally, transcription of the majority of TCAenzymes was down-regulated in
response t&-H mutations (Kokkaet al. 2005). Differences between the mutants could not
be detected in FH expression, FH enzyme activitypsegulation of genes responding to
FH mutations. Additionally, FH knock-out strains shemlyin general, expression patterns
similar to mutants. According to these findings,difier gene/genes rather than genotype-
phenotype correlation could better explain the togieneity in symptoms seen in families
segregating differerfiH mutations.

To examine a poorly understood mechanism leadingy flfH defects to neoplastic
pathway in uterine leiomyomas Vanharaatal. (2005) used a genome wide expression
microarray approach for showing differences in gex@ression in FH-deficient compared
to proficient uterine leiomyomas. Both nonsyndrorfie mutation-positive myomas,
4M3 and 32M1 (1V), and 7 familial myomas from aipat from a Finnish HLRCC family
(1), were compared to 15 fibroids with wild typeH. All studied myomas, except two
from the familial individual, showed LOH at tteH locus reflecting biallelic inactivation
of the gene. Among 297 differentially expressedegeithe most interesting up-regulated
genes were related to glycolysis, and adaptatioa @lycolytic phenotype (acidosis),
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which has been activated in many malignant tumard associated with invasive
phenomena (Gatenby and Gillies 2004, Vanharahtal. 2005). Additionally, genes
related to apoptosisafoptois-antagonizing factor, AATF, CDKN1A), cell cycle arrest
prevention {ransketolase, TK), muscle development, and call adhesion were shovine
differentially expressed (Raiat al. 1999, Kogelet al. 2001, Di Padoveet al. 2003,
Vanharantaet al. 2005). FH mutant myomas also showed increased expressiamrof
homeostasis and oxidoreduction genes, possibly tduexidative stress. Generally,
published expression data indicated that FH inattw-derived tumorigenesis is more
likely to be related, directly or indirectly, todlpathways linked to TCAC than to other
possible, currently unknown, functions of FH.

5.2. Succinate dehydrogenase (SDH) genes in tumorig  enesis

FH mutations found in HLRCC made it evident that dystion of TCAC plays a general
role in tumorigenesis. Just prior to definitiontbe HLRCC syndrome, the observation
that a TCAC component could be involved in tumoregs was made by Baysatl al.
(2000). Germline mutations in subunits of succindiguinone oxidoreductasgjccinate
dehydrogenase subunit D (SDHD), were observed in patients with hereditary head a
neck paraganglioma (HPGL) and pheochromocytoma, smmatic mutations were
detected in respective nonsyndromic lesions (Bagtsall 2000, Gimmet al. 2000, Astuti

et al. 2001a, Astutet al. 2001b, Baysaét al. 2001, Baysaét al. 2002). Subsequently, it
was suggested that germlir@®®HB mutations can predispose to early-onset kidney
cancers, showing some similarities in the tumorcspeof FH and SDH mutations
(Vanharantaet al. 2004).

Paraganglioma and pheochromocytoma are tumorsdutonomic nervous system. The
term paraganglioma is used for benign extra-adreemabrs typically located in the head
and neck area, whereas pheochromocytomas are dleficeording to their adrenal
medulla origin (Maher and Eng 2002). The four sudeindehydrogenase subunits,
SDHA, SDHB, SDHC, and SDHD, comprise mitochondgamplex Il of the electron
transport chain and catalyze the oxidation of swei to fumarate (Figure 3). In the
TCAC, fumarate is converted to malate by FH. Althodige tumor spectrum in HLRCC
and PLG is different, it has been postulated thatations inFH and SDH genes affect
same molecular pathways (Gottlieb and Tomlinson R0D&is hypothesis is supported by
a yeast study where defects in eitl®H or FH had been shown to produce similar
expression patterns (McCammetral. 2003). Similarly tad=H alterations in nonsyndromic
uterine leiomyomas, allelic loss and somatic matetin SDHB and SDHD have been
reported in nonsyndromic pheochromocytomas (Giehah. 2000, Astutiet al. 2001a).
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5.3. TCAC defects and apoptosis

Several explanations have been given concernindnamésms of tumorigenesis caused by
mutations inFH, including apoptosis and mitochondrial dysfunctiaxidative stress,
pseudo-hypoxia, anabolic drive, or unknown funcidrthe cytosolic form of FH (Engt

al. 2003, Pollarcet al. 2003, Kiuru and Launonen 2004, Gottlieb and Tonoim&005).
Mitochondria have a central role in programmed ckdhth. In response to upstream
signals apoptotic proteins such as cytochrome aedeased from the mitochondria and
activate the energy-dependent apoptotic proteaszada (Liuet al. 1996, Liet al. 1997,
Earnshaw 1999). The role of SDHC as an apoptoticlasguhas been proposed in a
number of studies (Albayradt al. 2003, Ishiiet al. 2005).

5.4. TCAC defects and reactive oxygen species (ROS)

Defects in mitochondrial metabolism have been ssiggeto promote production of
reactive oxygen species (ROS) (Arosio and Levi 20Rastin 2002). ROS have been
proposed to participate in the etiology of canasd aging (Oberley and Buettner 1979,
Oberley 2002). Overproduction of ROS and changeseltular energy metabolism had
been previously detected in ceSDHC (homologous twndn SDHB) mutant in
Caeornorhabditis elegans (Ishii et al. 1998, Senoo-Matsuds al. 2001). Ishiiet al. (2005)
tested this phenomenon in mammals using a transgetii line with a mutated SDHC
gene and detected over-produced superoxide anfantype of ROS), elevated apoptotic
rate, and significantly higher mutation frequen@mpared to wild type constructs. In
contrast to this finding, two other studies obsdrreither ROS generation or nor a shift to
a more oxidized state in SDH- and FH-deficient tre#s (Pollardet al. 2005, Selalet al.
2005).

5.5. Pseudo-hypoxia model of mitochondrial tumor su ppression

Most evidence has been obtained for the pseudoxgypmodel derived by loss-of-
function of mitochondrial tumor suppressor genescditly, evidence has been presented
that HPLG tumors have activated hypoxia and angimgpathways, i.e. vascularization
(Gimenez-Roqueplet al. 2001). Pheocromocytomas are also associated with Which

is the most common condition predisposing to héaegdiRCC (Maddoclket al. 1996).
Pheochromocytomas witMHL, SDHB, or SDHD mutations have been linked together by
HIFlo mediated hypoxia pathway signals (Daldaal. 2005). The existence of an
autoregulatory loop where Hlklcontributes to decreased SDHB levels, resulting in
mitochondrial complex Il inhibition, was supportddutations in theVHL genecause
stabilization of the sub-units of hypoxia-inducilféetors (HIF) resulting in activation of
pro-angiogenic proteins such as vascular endothgieavth factor (VEGF) (Maxwelkt

al. 1999, Jonest al. 2001). In the subsequent studies of Pollerdal. (2005), up-
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regulation of VEGF and BCL2 interacting protein 3 (BNIP3), and down-regulation of
thrombospondin 1 (TSP1) were found in HLRCC uterine leiomyomas. TMEGF
promoter contains a hypoxia response element angribtein is an angiogenic activator
through induction of cell proliferation and inhiioibt of apoptosis (Leungt al. 1989).
Contrary toVEGF, TSP1 suppresses angiogenesis by inducing endotheliahgeptosis
(Nor et al. 2000).

It has been previously suggested that succinage T@AC intermediate and respiratory
chain substrate, is capable of restoring the HiHiypoxic inductionthrough electron
transport chain or through some metabolic pathwaafi et al. 2000, Aganiet al. 2002).
Using the RNAI technique Selakt al. (2005) described a mitochondria-to-cytosol
signaling pathway that links mitochondrial defetts tumorigenic processes. Down-
regulation of SDH activity caused accumulation wé@nate in mitochondria. Succinate is
freely transported to cytosol where it is ablerthibit HIF1a prolyl hydroxylases (PHD),
which leads to dissociation of VHL from HIk1

/!;H/ g malate

fumarate T

/c @ succinate| T
Mitochondria

a -keto- g Cytosol
glutarate E PHD

pVHL4| HIFla T

0

< Nucleus
VEGF T Angiogenesis activation
TsP1 B Angiogenesis supression
GLUTI — Glucose metabolism activation
BNIP3 1 Apoptosis supression

Figure 4. Molecular effects of TCAC blockage in FH/SDH deficient tumors. Inactivation of FH
results in accumulation of fumarate and succinate in mitochondria. The excess amount of these
enzymes will be transported to cytosol. Elevated fumarate and succinate inhibit thereby HIFla
hydroxylation leading to decreased binding of pVHL to HIF1a. Increased HIF1a activity resultsin
changes in hypoxia pathway (upregulation of VEGF, BNIP3, and GLUT1, and down-regulation of
TSP1). IN SDH deficient tumors, signaling is driven predominantly through accumulation of
succinate.
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This event stabilizes Hlfeland leads to activation of the HIF pathway in ledrcells.
Pollard et al. (2005) confirmed these findings in benign and greint HLRCC tumors.
HIF1la over-expression, moderate in HLRCC myomas ancgtio HLRCC clear cell
cancer, probably due to accumulation of fumaratd aunccinate, was demonstrated.
Accumulation of succinate and over-expression dfldland VEGF was shown also in
SDHB-deficient HPGL tumors.

HIFla and HIF2 over-expression was observed directly in renalcutissues from
HLRCC patients by Isaaet al. (2005). To test the hypothesis that the HIF over-
expression is due to loss of FH, conditions in HIR@imors were mimicked in cells
using FH/SDH inhibitor, 3-nitropropionic acid (3-KR Accumulation of fumarate due to
FH inhibition correlated with HIF upregulation irrgbein but not in the mRNA level.
Isaacet al. (2005)further demonstrated that an increase in the ieliiar fumarate level
up-regulates VEGF and GLUT1 in a HIF-dependent manner

VEGF is a key mediator of angiogenesis in the migjosf human tumors, because it
facilitates endothelial cell proliferation, promsteell migration, and inhibits apoptosis
(Leunget al. 1989, Neufeldtt al. 1999, Bergers and Benjamin 2003). VEGF expression
induced by a large number of growth factors, hyppwir acidosis (Shweilat al. 1992,
Fukumuraet al. 2001, Ferrara 2004). VEGF over-expression has bleemonstrated in
fumarate-induced cells and in HLRCC myomas (Isah@s. 2005, Pollardet al. 2005).
Microvessel density, probably due to response tpoki, has been shown to be
remarkably higher in HLRCC leiomyomas compared @orainding myometrium or
sporadic, FH proficient myomas (Pollagdal. 2005). However, it remains unknown how
activation of angiogenic signaling leads to tumoovgh through accelerated cell
proliferation or decreased cell death.

Most human invasive cancers show significant inseeain glucose uptake because of
upregulation of glucose transporters, notably GLUAHMd GLUT3, and hexokinases
(Mathupalaet al. 1997, Machedat al. 2005). Glygolysis requires conversion of glucose
to pyruvate and then to lactic acid. In normal honealls, glygolysis is inhibited by
oxygen leading to oxidation of pyruvate in mitocdaa. Increased glycolysis in the
presence of oxygen and accumulation of lactatevateknown phenomenon of cancers,
leading to microenvironmental acidosis (Weinhou8@6). Main intracellular signals that
lead to inappropriate activation of angiogenic patys in TCAC-defective tumors are
summarized in Figure 4.

Hypoxia and energy starvation have been showntteaée multiple key regulators, such
as translation eukaryotic initiation factor-2-alp{edF2x), eukaryotic elongation factor 2
(eEF2), and mTOR effectors eukaryotic initiation ¢actE (elF4E) binding protein 1

(4EBP1) and p78" kinase, independent of HIF (Liet al. 2006). These effects could be
potentially linked to FH mutation-derived tumorigenesis through altered rggne

metabolism and overlapping phenotypes of HLRCC, \&ddd TSC.
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Mitochondrial involvement in common multifactoriaancers could be also speculated.
Significant decreases in the activities of mitoated enzymes, including ketoglutarate
dehydrogenase (KDH), malate dehydrogenase (MDH)Y &bDH was detected in
benzo(a)pyrene-induced lung tumors in mice (Selvandt al. 2005).

In conclusion, the molecular mechanisms of FH delitumorigenesis require more
detailed examination. Most evidence has been oddaior the pseudo-hypoxia model of
mitochondrial tumor suppressor function. Similastin clinical symptoms and molecular
background between the tumor predisposition syndsolmk defects in FH, SDH, VHL,
and TSC1/2 to overlapping pathways, probably thradtfhsignaling.

6. Clinical implications

The accurate diagnosis of HLRCC has become possilitethe identification of théH
gene mutations causing the syndrome. The recogrofionutation carriers is particularly
important because these persons are at risk oflajeng malignant cancers, especially
RCC and ULMS. The renal cancers which are relatedediLRCC syndrome seem to be
exceptionally aggressive, and the majority of thpatents die because of metastasized
disease shortly after diagnosis (Launoeeal. 2001). Consequently, regular follow-up of
the mutation-positive family members is importa@h the other hand, the unnecessary
follow-up of mutation-negative members of the fagmian also be avoided. Due to the
aggressiveness of renal lesions in HLRCC, in cshtta other hereditary renal cancer
syndromes, immediate radical hysterectomy has bemymmended for HLRCC patients
with renal tumors (Kiuret al. 2004).

In Finland, genetic testing is very well accepted #he subjects have been satisfied with
their decision to take tests (Liljestroeh al. 2005). Neither increased anxiety nor other
long-term psychological consequences have beewrtddteegarding genetic testing when
combined with proper genetic counseling and supporong HNPCC patients (Aktan-
Collanet al. 2001). Therefore, genetic testingkifl mutations should be considered also
among HLRCC family members.

Discovery of TCAC defects in human tumor predisposiincreases our knowledge of
molecular mechanisms of tumorigenesis in generathEr insight into the role of basic
cellular energy metabolism may help us to bettedesstand complex genetic and
environmental interactions in common tumors, likerime leiomyomas. Differences in
mitochondrial function between normal and canceliscenight offer potential for
anticancer drug and therapy development.
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CONCLUSIONS AND FUTURE PLANS

1. This study describes a novel cancer g&uearase (FH) mutations predispose, with
high penetrance, to dominantly inherited cancerdeyme, HLRCC/MCUL. Biallelic

inactivation of FH, in the most cases through LQG#l,typically needed for tumor
development, suggesting the role of FH as a tumogpressor.

2. FH is unlikely to be a predisposing gene in othedigtth familial cancers, breast and
prostate cancers.

3-4. Data from nonsyndromic tumor studies, inclgdd43 lesions, show that mutations in
FH are rare outside the HLRCC context. Purely somaadelic inactivation of FH has
been detected in this study only in two uterinerdgromas and one soft-tissue sarcoma.
Additionally, we have found somatic mutations condal with inherited=H alterations in
one cutaneous leiomyoma and one uterine leiomyosecin addition to this study, only
two FH mutations in nonsyndromic tumors, one uterine ngioma and one
leiomyosarcoma, both with germline changes, havenbfeund. Studies in apparently
sporadic tumors have given further evidence toptloposed Knudson'’s two-hit model of
FH inactivation. This study also shows additionadewmce that uterine leiomyosarcoma
belongs to the tumor spectrum of HLRCC.

FH mutations appear to be rare in nonsyndromic tupsrd when they exist, seem to be
restricted to tumor types associated with the HLREg@drome. However, our strategy of
using LOH as a preliminary target indicator idaesfFH as the first gene known to
undergo somatic inactivation in nonsyndroniterine leiomyomas by specific point
mutations. This is of great clinical interest, besmleiomyomas are the most common
tumors of women. To our knowledgéH is the first gene shown to undergo mutational
inactivation, in both the somatic and hereditargrfe of the disease, in leiomyomata of
the uterus.

Much effort will be needed to define the actual ewolar mechanism of how FH
inactivation leads to accelerated tumor growth, adich factors determine phenotype
differences inFH mutation carriers and differences in frequenciesalignant tumors in
different populations. We believe that a combinatoeffect of FH and an unknown
modifying gene is needed for predisposition for UbMnd RCC in HLRCC. One of our
current main efforts, in addition to FH related ¢tional studies, is to localize and identify
the potential modifier gene/genes.
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ELECTRONIC DATABASE INFORMATION

Basic Local Alignment

Search Tool BLAST http://www.ncbi.nlm.nih.gov/BLAST/
Ensemble Human Genome

Browser http://www.ensembl.org

Finnish Cancer Registry  http://www.cancerregisiry.f

Melt program web page http://insertion.stanford/etelt1.html
NCBI Entrez Genome

Map Viewer http://www.ncbi.nlm.nih.gov/entrez/

NetGene2 server http://genome.cbs.dtu.dk/serviez&dhe2/

NIX Nucleic Acid Identification Program (Human Gene
Mapping Project Resource Center, UK)

Primer3 server http://frodo.wi.mit.edu/cgibin/pen3/primer3_www.cgi

Tumor Gene Database http://condor.bcm.tmc.edu/omenkyen|
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