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Germline mutations in the fumarate bydratase (FH)
gene at 1q43 predispose to dominantly inherited cu-
taneous and uterine leiomyomas, uterine leiomyosar-
coma, and papillary renal cell cancer (HLRCC syn-
drome). To evaluate the role of FH inactivation in
sporadic tumorigenesis, we analyzed a series of 299
malignant tumors representing 10 different malig-
nant tumor types for FH mutations. Additionally, 153
uterine leiomyomas from 46 unselected individuals
were subjected to and informative in loss of heterozy-
gosity analysis at the FH locus, and the five (3.3%)
tumors displaying loss of heterozygosity were sub-
jected to FH mutation analysis. Although mutation

search in the 299 malignant tumors was negative,
somatic FH mutations were found in two nonsyn-
dromic leiomyomas; a splice site change IVS4 +
3A>G, leading to deletion of exon four, and a mis-
sense mutation Ala196Thr. The occurrence of somatic
mutations strongly suggests that FH is a true target of
the 1q43 deletions. Although uterine leiomyomas are
the most common tumors of women, specific inacti-
vating somatic mutations contributing to the forma-
tion of nonsyndromic leiomyomas have not been re-
ported previously. Taking into account the apparent
risk of uterine leiomyosarcoma associated with FH
germline mutations, the finding raises the possibility
that also some nonsyndromic leiomyomas may have
a genetic profile that is more prone to malignant
degeneration. Our data also indicate that somatic FH
mutations appear to be limited to tumor types ob-
served in hereditary leiomyomatosis and renal cell
cancer. (Am J Pathol 2004, 164:17-22)

Germline mutations in a nuclear gene encoding a tricar-
boxylic acid cycle (Krebs cycle) enzyme fumarate hy-
dratase (fumarase, FH, NM_000143.2), have recently
been associated with tumor predisposition. Germline FH
defects were found in ~60% (24 of 42) of families seg-
regating hereditary leiomyomatosis and renal cell cancer
(HLRCC; OMIM 605839) and multiple cutaneous and
uterine leiomyomata 1 (MCUL1, OMIM 150800), which
thus appear to be allelic conditions.’ In these families,
affected individuals typically develop leiomyomas of the
skin and/or uterus."? In addition to leiomyomas, some
families are also predisposed to papillary renal cell car-
cinoma and uterine leiomyosarcoma.® Mutations in FH
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have also been observed in nonfamilial lesions, espe-
cially in tumor types associated with the HLRCC pheno-
type.* To date, only two pilot studies have been per-
formed examining the nonsyndromic counterpart tumors
of HLRCC.*® Between these two studies, only one case
of somatic bi-allelic loss-of-function FH mutation was
found, in a soft-tissue sarcoma of the lower limb. Unfor-
tunately a more specific classification of this high-grade
lesion was not possible.* Interestingly in two unselected
cases of uterine leiomyosarcoma and cutaneous leiomy-
oma, a germline FH mutation was unexpectedly identi-
fied.* Thus, to date only one tumor, a soft-tissue sarco-
ma,* has been found to have a purely somatic FH defect.

The first observation that a Krebs cycle component
could be involved in tumorigenesis was made by Baysal
and colleagues® Germline mutations in subunits of suc-
cinate-ubiquinone oxidoreductase (mitochondrial com-
plex Il), succinate dehydrogenase subunit D (SDHD), C
(SDHC), and B (SDHB), were observed in patients with
hereditary head and neck paraganglioma (PGL) and
pheochromocytoma, and somatic mutations were de-
tected in respective nonsyndromic lesions.®~'° Pheo-
chromocytomas are also associated with von Hippel-
Lindau syndrome (VHL; OMIM 193300), which is the most
common condition predisposing to hereditary renal cell
carcinoma.’’

Benign fibroids or leiomyomas of the uterus are the
most common tumors in women of reproductive age.
Uterine leiomyomas are clinically apparent in at least
25% of women, but the prevalence could be as high as
77%.'? Although most leiomyomas are symptomless,
many women suffer from heavy menstrual bleeding, pel-
vic pain, or reproductive dysfunction.'® Little is known
about the molecular background of these lesions. Other
than activating K-RAS mutations reported in one study, '®
no specific point mutations underlying nonsyndromic
leiomyomas have been identified. However, contribution
of chromosomal rearrangements in development of these
lesions has long been evident."® Chromosomal abnor-
malities have been observed in 40% of uterine leiomyo-
mas, the most common aberration being deletion of chro-
mosome 7q.'® In a genome-wide allelotyping effort, loss
of heterozygosity (LOH) was observed most commonly
(9%) on 7022-23, and less frequently (2%) on 1g42-42
and 16g12-22."¢ Other rearrangements typically include
the translocation t(12;14)(q15;923-24), involving a chro-
mosomal segment of a gene encoding a member of
high-mobility group proteins, HMGA2.'"'® Altered gene
expression, aberrant splicing, or cytogenetic transloca-
tion leading to chimeric fusion of HMGA2 and a target
gene is a frequent event in uterine leiomyomas.'® "
HMGA2 and the DNA repair gene RAD57L1 have been
hypothesized to create pathologically significant fusion
transcripts.?® Although HMGA2-RAD57L1 fusion tran-
scripts or their misspliced products have been detected,
the pattern of rearrangements suggests that dysregu-
lated expression of HMGA2, not the formation of fusion
transcripts, is the principal mechanism in the develop-
ment of uterine leiomyomata.?’ Elevated expression of
the high-mobility group AT-hook 1 (HMGAT) gene has
also been observed in uterine leiomyomas. The dysregu-

Table 1. Malignant Tumor Types Included in FH Mutation
Analysis by DHPLC

Number of
Malignant tumors samples

Papillary thyroid carcinomas 52
Glioblastomas 25
Head and neck tumors 14

Hypopharynx carcinoma 5

Oral or lingual carcinoma 5

Other 4
Adrenal pheochromocytomas 18
Ovarian tumors 60

Carcinoma adenomatosum 18

Cystadenocarcinoma 27

Other 15
Nonlobular mammary gland cancers 44
Lung tumors 34
Colorectal cancers 23

MSI— 12

MSI+ 11
Testicular cancers of germ cell origin 14
Melanoma 15
Total 299

lating mechanism may be similar to HMGA2, including
posttranslational modifications or cytogenetic rearrange-
ments at HMGAT locus on 6p21.222% Estrogen- and pro-
gesterone-induced growth factors such as insulin-like
growth factor 1, fibroblast growth factor, and transform-
ing growth factor-B, and their receptors, are other candi-
dates contributing to the pathogenesis of uterine leiomyo-
mas.?*

Although mitochondrial defects have been suspected
to play an important role in tumorigenesis, the detailed
mechanisms and signaling pathways involving mitochon-
drial proteins in tumor development and progression are
not fully understood.?® Somatic mutations in the mito-
chondrial genome have been identified in a substantial
proportion of papillary thyroid carcinomas, and subse-
quently in various other tumors, such as ovarian, breast,
and prostate carcinomas.?®~?% |t has been speculated
that oxidative damage-associated DNA mutations could
promote tumorigenesis. Other explanations include that
the tricarboxylic cycle dysfunction could activate hypoxic
pathways or promote anti-apoptotic effects.?® In the great
majority of studied FH defective tumors, the event of the
second hit has been loss of a wild-type allele.’3° FH has
been suggested to act as a tumor suppressor according
to Knudson’s®' two-hit hypothesis.

Our previous FH mutation analysis study in nonsyn-
dromic tumors focused on tumor types observed in Finn-
ish HLRCC families; uterine and cutaneous leiomyomas,
renal cell carcinomas, prostate cancers, sarcomas, and
lobular breast cancers.® In the current study, to evaluate
further the role of FH in human tumor development, we
analyzed 299 malignant tumors for FH mutations. We
wished to include as large a selection as was feasible.
The material included 10 different malignant tumor types:
colorectal, breast (nonlobular), lung, ovarian, testicular,
thyroid, and head and neck cancers, as well as pheo-
chromocytomas, glioblastomas, and melanomas (Table
1). A large series of unselected uterine leiomyomas was



Table 2. Results of LOH and Mutation Analysis of
Unselected Uterine Leiomyomas

LOH and mutation analysis Number of samples

LOH analysis flanking FH locus 166
Informative with at least one marker 153
LOH detected flanking FH locus 5

> FH mutation analysis 5
FH mutation detected 2

analyzed for 1943 LOH, and positive cases were sub-
jected to FH mutation analysis to scrutinize further the
possible contribution of FH to the nonsyndromic form of
this disease.

Materials and Methods

Tumor Material

Malignant tumors from 299 Finnish individuals were sub-
jected to FH mutation screening. Samples included 52
papillary thyroid carcinomas, 60 ovarian tumors, 44 non-
lobular breast carcinomas, 14 testicular carcinomas of
germ cell origin, 34 lung carcinomas, 23 colorectal cancers,
15 cutaneous melanomas, 18 adrenal pheochromocyto-
mas, 25 glioblastomas, and 14 head and neck squamous
cell carcinomas. RNA (for the 18 pheochromocytomas, only
RNA was available) and DNA (for analysis of other tumor
types) extractions from tumor samples were performed by
standard procedures. In addition, 166 fresh-frozen uterine
leiomyomas from 51 anonymous and unselected Finnish
patients were collected and subjected to LOH analysis of
markers on chromosome band 1943 closely flanking the FH
locus. Leiomyomas that displayed allelic loss were subse-
quently screened for FH mutations (Table 2). Although this
series mostly represents nonsyndromic lesions, inclusion of
some syndromic cases cannot be excluded.

Analysis of LOH in Leiomyomas

We identified two microsatellite repeats adjoining the FH
locus. Polymerase chain reaction (PCR) primers (Sigma-
Genosys, Cambridgeshire, UK) for the repeats were as
follows: FH-T (telomeric) forward primer, AGCAATGATG-
GTTTCTCTCTCA; FH-T reverse primer, CAGCACTAGCA-
GAA TATGTGTAA; FH-C (centromeric) forward primer,
CCTTACCATTGCTCCCAAGA; FH-C reverse primer,
ACCTTCATCCCTGTCCTGTG. Fluorescence-labeled
PCR products were detected by ABI377 sequencer and
analyzed by Genotyper 2.5.2 software (Applied Biosys-
tems, Foster City, CA).

Denaturing High-Performance Liquid
Chromatography (DHPLC) Analysis

Mutation screening of tumor samples and leiomyomas
showing allelic imbalance at the FH locus were per-
formed by DHPLC, except pheochromocytomas and tes-
ticular tumors. The amplification of the exons and the
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mutation analysis were performed as described by Leh-
tonen and colleagues® Samples from two individuals
were pooled to enable mutation detection in cases of a
missing wild-type allele.

Genomic Sequencing

Any pool of samples showing heteroduplex, ambiguous,
or missing DHPLC peaks were reanalyzed by genomic
sequencing. The PCR reactions, conditions, and oligonu-
cleotide primers used were identical to the study of Kiuru
and colleagues.* PCR products were purified using a
NucleoSpin PCR purification kit (Matcherey-Nagel, Du-
ren, Germany). Direct sequencing of PCR products was
performed using the BigDye3 termination chemistry (Ap-
plied Biosystems) with ABI 3100 Genetic Analyzer (Ap-
plied Biosystems) according to the manufacturer’s in-
structions. The mutation analysis of the testicular tumors
was also performed by genomic sequencing.

cDNA Amplification and Sequencing

Pheochromocytomas were screened by sequencing of
cDNA, because only corresponding RNA was available.
Primers for the 5’ fragment of FH were CTCCCTCAGCAC-
CATGTACC (forward) and CCACTTTTGCAGCAACCTTT
(reverse); for 3' fragment CTTGGGCAGGAATTTAGTGG
(forward) and GCAGTTTCCTTTCAAACTTATCC (reverse).
PCR reactions were performed in a 50-ul reaction volume
containing 200 ng cDNA, 1X PCR buffer (Applied Biosys-
tems), 300 wmol/L each dNTP (Finnzymes, Espoo, Finland),
1.25 of umol/L forward and reverse primer, and 2.5 U of
AmpliTagGOLD polymerase (Applied Biosystems). MgCl,
concentrations were 2.8 mmol/L for the 5’ fragment and 1.4
mmol/L for the 3" fragment. The following cycling conditions
were used for the 5’ fragment: 10 minutes at 95°C, followed
by 40 cycles of denaturation at 95°C for 45 seconds, an-
nealing at 56°C for 1 minute, and elongation at 72°C for 1
minute, and final extension at 72°C for 10 minutes. Equal
conditions for the 3’ fragment were used despite the an-
nealing temperature, which was decreased from 60°C to
57°C, 1 degree per two cycles, and from 57°C to 56°C after
five cycles. The corresponding cDNA of leiomyoma P4M3
was analyzed to detect a splicing defect on the mRNA level.
Primers for cDNA amplification were as follows: forward
primer, TGGTATGGCAGACTGGATCA; reverse primer,
CACCACGCAGTTTTCTGTA. PCR reactions and condi-
tions were slightly different from the pheochromocytoma 5’
fragment amplification in MgCl, concentration (4.2 mmol/L),
annealing temperature (57°C), and number of denaturing/
annealing/elongation cycles.®® The sequencing protocol for
cDNA was equal to genomic sequencing.

Results

FH mutation analysis of this large series of non-HLRCC-
component neoplasias, including 10 malignant tumor
types, revealed that 94% (2675) of 2846 fragments were
successfully examined, but no coding region mutations
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Figure 1. LOH flanking FH locus was analyzed by two microsatellite mark-
ers. Allelic loss was observed in myoma P4M3 (b) and in P32M1 (d) by
markers FH-T and FH-C, respectively. Alleles of normal tissue samples are
presented above the tumor samples (a and ¢). Myomas from three additional
individuals harbored allelic imbalance in at least one of these markers at the
FH locus (data not shown).

or splice site changes were identified (Table 1). Probable
polymorphisms detected were as follows: silent change
798G>A (10 tumors), and three intronic alterations IVS2-
21A>T (6 tumors), IVS3 + 32A>G (1 tumor), and IVS2 +
61T>A (1 tumor). The heterozygous substitution from C
to T at position —11 upstream from the translation initia-
tion codon was observed in one papillary thyroid carci-
noma. The corresponding germline change has been
reported in a familial prostate cancer patient,®® and
therefore seems to be an infrequent polymorphism. The
numbering of the exons, amino acid residues, and nucle-
otide positions are based on the mature cytosolic isoform
of FH (NM_000143.2).

Allelic loss at the FH locus was analyzed by polymor-
phic microsatellite markers in the set of 166 unselected
uterine leiomyomas from 51 individuals. Forty-six individ-
uals (153 leiomyomas) were informative with at least one
of the markers. Allelic loss was observed in five myomas
(5 of 153, 3.3% of myomas), derived from five different
patients (5 of 46, 11% of patients). One of these lesions
was informative with both markers and showed LOH at
both marker loci (P21M1; patient 21, myoma 1), whereas
the other four were informative with one marker (Figure 1).
These five leiomyomas were subjected to FH mutation
screening to detect the putative second alteration in the
remaining allele. Three lesions were mutation-negative,
and two displayed a FH mutation. Myoma P32M1 har-
bored a missense change Ala196Thr in exon 4 (Figure
2a). The altered amino acid is completely conserved
among species from human to Escherichia coli. This
change was not found in six other leiomyomas from pa-
tient P32. Allelic imbalance was not present at the
Ala196Thr mutation site, suggesting that the deletion ob-
served in the marker analysis was small. Myoma P4M3
harbored a splice site change IVS4 + 3A>G (Figure 2c),
which is predicted to result in deletion of exon 4. The

a) P32M1 586G>A b) P32N

A6 G ATGC TG TT

c) P4M3 IVS4+3A>G d) P4N

5CAG6GG TG TAGG & 5CA46G6G TATAEZG G 4

Figure 2.Sequences of FH mutations detected in uterine leiomyomas
Ala196Thr (a) and IVS4 + 3A>G (¢) and the chromatographs of the corre-
sponding normal tissues (b and d, respectively). LOH at the splice site
change (c) is noticeable by the lower wild-type allele signal in the presence
of normal tissue contamination.

remaining wild-type allele opposite the splice site muta-
tions was under-represented in sequence chromato-
graphs, reflecting loss of the wild-type FH allele and the
presence of some normal tissue contamination. Both mu-
tations affect exon 4, one of the two FH mutation hot
spots.?® Genomic normal tissue DNA samples from these
individuals were sequenced for all FH exons, but no
alterations were detected confirming the somatic origin of
the mutations (Figure 2, b and d) and nonsyndromic
nature of the cases. The predicted consequence of the
splice site change, deletion of exon 4, was confirmed by
cDNA amplification and sequencing. Histopathological
evaluation of the FH mutation-positive lesions confirmed
that they were typical leiomyomas without any distinct
features such as atypia.

Discussion

The spectrum of tumor types in HLRCC families varies
from rare and aggressive renal cell carcinoma to com-
mon and benign leiomyomas of the uterus. Our previous
effort to evaluate FH in nonsyndromic tumorigenesis fo-
cused on tumor types associated with HLRCC. Only one
tumor with a purely somatic FH defect was identified in
that work; biallelic FH defect was present in a soft-tissue
sarcoma of the lower limb.*

In this effort, we analyzed 299 cancers representing a
wide range of common malignancies for FH mutations.
No pathogenic mutations were found in this series of
malignant tumors. Cancer types that might be associated
with defects in Krebs cycle or mitochondrial DNA were
included in the screening set of 299 tumors. Frequent
allelic loss at, and examples of somatic mutations in,
SDHB and SDHD have been reported in nonsyndromic



pheochromocytomas.”® The absence of FH mutations in
pheochromocytomas may speak for differing pathways of
tumorigenesis in SDH and FH deficiencies, although the
number of analyzed cases is limited. This would be in line
with the fact that the tumor spectra associated with he-
reditary FH and SDH defects show little similarities. So-
matic FH mutations occur at a low frequency and seem to
be limited to counterpart tumor types segregating in HL-
RCC families.

The sensitivity of DHPLC in detecting substitutions and
small deletions has been shown to vary from 93 to 100%
in many data sets.®* Like all PCR-based mutation-detec-
tion technologies,®® our mutation analysis methods were
not capable of detecting large genomic deletions or de-
fects in the regulatory or untranslated regions of FH. The
polymorphisms detected by DHPLC were identical to
those found in previous sequencing efforts (and unpub-
lished data). Although no mutation analysis method has
complete sensitivity, it is unlikely that the absence of
pathogenic mutations in this set of malignant tumors was
because of technical reasons.

Recent studies have suggested that biallelic inactiva-
tion of FH, in the majority of cases by LOH, is essential for
FH deficiency related tumor growth.™ 3% We hypothesized
that if FH is associated with the development of nonsyn-
dromic uterine leiomyomas, some mutations should be
found in lesions displaying allelic loss at 1g43. Biallelic
inactivation could occur also by a second mutation in the
coding sequence, by nondetected small deletions, or by
hypermethylation of the promoter region. Multiple reports
of cytogenetic rearrangements, alterations in gene ex-
pression, and analysis of candidate genes in uterine
leiomyomas have been published in the last few de-
cades.?* Demonstration of FH mutations in nonsyndromic
leiomyomas would be of particular value because other
than activating K-RAS alterations,'® no specific point mu-
tations have been associated with these lesions previ-
ously.

In this study, allelic loss at the FH locus was detected
in 5 of 1563 (3.3%) informative unselected leiomyomas by
microsatellite markers. Although low, this percentage is
significant considering the benign nature of the tumors in
question, and indeed based on this result the FH locus
appears to be one of the repeatedly deleted regions in
uterine leiomyomas though 7qg deletions are by far the
most frequently observed change.'® That FH is a true
target of the 1943 deletions is demonstrated by the pos-
itive findings in sequence analysis. In our leiomyoma
series, somatic FH mutations were detected in two of five
cases displaying LOH at the FH locus. A negative germ-
line FH mutation analysis of all exons, performed from
normal tissue DNA, confirmed the nonsyndromic nature
of the two cases. The FH mutation data obtained is quite
convincing. The missense mutation is located in a con-
served amino acid, and changed the amino acid sub-
class from nonpolar to uncharged side chain. The splice
site change results in deletion of the entire exon. Both
changes are located in the FH mutation hot spot detected
in HLRCC families. Mutations were not detected in germ-
line excluding the possibility of polymorphism. Three le-
sions displayed LOH at the FH locus but no mutations

Inactivation of FH in Uterine Leiomyoma 21
AJP January 2004, Vol. 164, No. 1

were detected in DHPLC. The role of FH inactivation in
these lesions remains unknown.

Previously we in collaboration with others have dem-
onstrated that FH mutations predispose to myomas of the
uterus and skin with high penetrance in HLRCC families."
This is the first time, to our knowledge, when specific
inactivating point mutations in nonsyndromic uterine
leiomyomas have been detected in any gene. Although
mutational FH inactivation in nonsyndromic uterine
leiomyomas is not common on the tumor level, the fre-
quent co-existence of multiple myomas in patients sug-
gests that the occurrence of FH-deficient leiomyomas is
not a rarity. Overall, a minimum of 4.3% (2 of 46) of our
uterine leiomyoma patients harbored FH somatic muta-
tions in one of their leiomyomas. The proportion of pa-
tients with a leiomyoma displaying a deletion at the FH
locus was 5 of 46 (11%). Our current study demonstrates
that allelic loss at 1943 is not rare in nonsyndromic uter-
ine leiomyomas, and that FH is a target of these deletions.
This is of interest considering the suggested link between
FH germline mutations and risk of uterine leiomyosar-
coma. Although the degree of the risk needs to be de-
termined in more detail, and may well be population-
specific because of modifying factors, the phenotypes of
the Finnish FH mutation carriers provide strong evidence
that the association exists and can be quite strong in
some populations. We have thus far identified 48 individ-
uals with FH germline mutations (unpublished da-
ta)."*43% Of these, 31 are women. Among these 31
individuals there are 4 (13%) cases of histologically ver-
ified uterine leiomyosarcoma, as well as 2 cases with
leiomyomas with atypia (unpublished data).®>*3° The
ages at diagnosis of uterine leiomyosarcoma have been
30, 32, 35, and 39 years, and atypia 27 and 36 years. In
the general population uterine leiomyosarcomas are rare
and typically occur in old age. The proportion of affected
women and the remarkably young age at onset of the
lesions, are highly unlikely incidental. A persuasive fur-
ther piece of evidence demonstrating the association is
that in the one HLRCC uterine leiomyosarcoma that has
been available for molecular studies a somatic FH non-
sense mutation had inactivated the wild-type FH allele.*
Although previous studies have been unable to provide a
link between nonsyndromic leiomyomas and leiomyosar-
coma,®® this study together with what is known on fuma-
rase defects in the hereditary setting suggest that some
sporadic leiomyomas, characterized by a FH defect, may
have malignant potential. Thus far no purely somatic
inactivation of FH in uterine leiomyosarcomas have been
reported, only one FH germline mutation associated with
a somatic nonsense mutation being the finding in two
separate studies examining altogether 44 lesions.** Sim-
ilarly, the two first studies on FH and nonsyndromic uter-
ine leiomyomas were negative. Our present study identi-
fies FH as the first gene known to undergo inactivation in
nonsyndromic uterine leiomyomas by specific point mu-
tations, and calls for additional work to examine the hy-
pothesis that FH defects form a link between uterine
leiomyomas and leiomyosarcoma.
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