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Abstract

Background Hereditary leiomyomatosis and renal cell cancer syndrome is a rare autosomal dominant heredi-
tary syndrome. Previously, we published the largest cohort of FH mutation carriers in Spain and observed a highly
recurrent missense heterozygous variant, FH(NM_000143.4).c.1118A > G p.(Asn373Ser), in 104 individuals from 31
apparently unrelated families. Here, we aimed to establish its founder effect and characterize the associated clinical
phenotype.

Results Haplotype analysis confirmed that families shared a common haplotype (32/38 markers) spanning 0.61-
0.82 Mb, indicating this recurrent variant was inherited from a founder ancestor. Cutaneous and uterine leiomyoma-
tosis were diagnosed in 64.6% (64/99) and 98% (50/51) of patients, respectively, and renal cell cancer was present

in 10.4% (10/96). The pathogenic FH_c.1118A > G variant is a Spanish founder mutation that originated 12-26 genera-
tions ago. We estimate that the variant may have appeared between 1370 and 1720. Individuals carrying this founder
mutation had similar frequency of renal cell cancer and a higher frequency of renal cysts and leiomyomas than those
in other cohorts of this syndrome.

Conclusions In the Spanish province of Alicante there is a high prevalence of HLRCC because of the founder muta-
tion FH c.1118A > G; p.(Asn373Ser). The characterization of founder mutations provides accurate and specific informa-
tion regarding their penetrance and expressivity. In individuals with suspected HLRCC from the province of Alicante,
genetic testing by direct analysis of the founder FH c.1118A > G; p.(Asn373Ser) mutation may be a faster and more
efficient diagnostic tool compared with complete gene sequencing.
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Introduction

Hereditary leiomyomatosis and renal cell cancer
(HLRCC) syndrome (OMIM 605839) was first described
by Reed et al. in 1973 [1]. Tomlinson et al. confirmed
that it is caused by heterozygous pathogenic variants
in the gene encoding fumarate hydratase (FH) [2]. As a
consequence, the deficient FH enzyme leads to tricarbo-
xylic acid cycle failure and energy metabolic alterations.
Heterozygous carriers may develop cutaneous leiomyo-
mas (CLM) and uterine leiomyomas (ULM), renal cysts
(RCys), and renal cell cancer (RCC) [2-8] and other
tumors, such as paragangliomas or suprarenal adeno-
mas [9, 10]. Homozygous carriers suffer from FH defi-
ciency (OMIM 606812), which is a metabolic disorder
presenting with severe encephalopathy and a short life
expectancy [11]. Therefore, it is essential to offer genetic
counseling to heterozygous carriers of mutations in FH.

HLRCC is considered as a rare disease with scarce
data available regarding its prevalence [6, 12]. We pre-
viously published a series of 197 patients from Spain
[13], in which we described 27 germline variants in
FH and observed a highly recurrent missense variant,
FH(NM_000143.4):c.1118A>G p.(Asn373Ser), in 104
individuals from 31 apparently unrelated families, the
majority of whom were from the Alicante province in the
southeast of Spain.

Recurrent variants may be generated by independent
mutational events, suggesting mutation hotspots, or be
inherited from a common ancestor, initially evidenced
by a founder effect. Testing for founder variants affords
a faster molecular diagnosis by avoiding the screening
of all possible gene variants, thus rendering the process
more cost-effective. Moreover, the characterization of
founder mutations provides a unique model with accu-
rate and specific information regarding the penetrance
and expressivity of clinical manifestations, especially in
rare diseases, such as HLRCC.

Our aim was to establish the founder effect of the mis-
sense pathogenic FH c.1118A > G variant and to describe
the clinical characteristics associated with its heterozy-
gous carriers.

Patients and methods

Patients and data collection

Carriers and obligate carriers of the FH c.1118A>G
variant from families with a genetic diagnosis of HLRCC
from different hospitals in Spain were included in the
present study. All patients gave written informed consent
for genetic testing according to the Spanish legislation.
This study was approved by the Research Ethics Com-
mittee of the Hospital General Universitario de Elche on
January 25, 2018 (code 42/2017).
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We collected clinical information from medical
records, such as the presence and age of diagnosis of
CLM, ULM, RCy, and RCC. RCC was confirmed by his-
tological examination of biopsies or resected tumors.
Imaging procedures, such as CT, magnetic resonance
imaging, or ultrasound, were used to diagnose RCy. To
assess the clinical phenotype associated with this vari-
ant and to identify genotype—phenotype correlations,
we compared our cohort with individuals carrying loss-
of-function (LoF) variants, including large deletions and
nonsense, frameshift, and splicing pathogenic variants
previously published by our group [13].

Samples

Twenty-seven unrelated FH(NM_000143.4):c.1118A>G
heterozygous carriers were selected for the haplotype
study. In addition, 20 noncancer healthy controls with
confirmed absence of this variant were selected as the
control population. Isolation of genomic DNA from the
peripheral blood of all patients included in the study was
performed using a QIAamp DNA Mini Kit and QIAcube
(QIAGEN, Germany) according to the manufacturer’s
instructions.

Haplotype analysis

Haplotype construction was performed using 38 poly-
morphic markers (microsatellite markers and single-
nucleotide variants) flanking FH and covering nearly 14
Mb. Ten microsatellite markers covering the FH locus
were selected from the MapViewer database. Microsat-
ellite markers were selected based on the following cri-
teria: 1) physical position around the FH locus, 2) high
heterozygosity (>0.5), and 3) inclusion of dinucleotide
repeats.

In addition, 28 single-nucleotide variants located
around the FH locus and exhibiting an allele frequency
in the non-Finnish European population (GnomAD)
between 0.25 and 0.75 were selected. PCR amplicons
including more than one variant were designed when no
evidence of linkage was found. The selected markers and
their genomic position are presented in Additional file 1:
Figure S1.

Time of most recent common ancestor (TMRCA) calculation
The age of the mutation was estimated using the single
marker method based on the expected decay of linkage,
as previously reported [14]. Marshfield genetic distances
(cM) and physical distances (Mb) were obtained from
the Ensembl and UCSC databases, respectively [15, 16].
Estimation of the most recent common ancestor was
performed assuming an average of 25 years between
generations.
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Statistics analyses

We used the R software (R Foundation for Statistical
Computing), version 3.6.0, for the statistical analyses. The
qualitative variables are presented as percentages, and
the continuous quantitative variables are described as the
mean and standard deviation (SD) or as the median and
the interquartile range (IQR). Categorical variables were
compared using the chi-squared and Fisher’s exact tests
and multivariate logistic regression. Odds ratio (ORs)
were calculated to estimate the strength of the associa-
tion between variables. The confidence level used was the
95% confidence interval (95% CI). Significance was set
at P<0.05. The cumulative incidence of events was esti-
mated using the cumulative hazard function.

Results
Haplotype characterization
For haplotype characterization, index cases were selected
from each individual family. We included 20 families
from the same geographic area (Alicante province) and
seven families from other Spanish regions. Moreover, we
included 20 unrelated healthy controls for TMRCA cal-
culations as nonaffected chromosome carriers.

The haplotype analysis confirmed that families shared
a common haplotype (32/38 markers) spanning between
0.61 and 0.82 Mb (1.40—1.89 cM). In Table 1, we included
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the result of the haplotype study for the 20 index cases
from the province of Alicante. The remaining seven cases
from other geographical areas were studied only for the
10 microsatellites due to the limited amount of DNA
available. In any case, the haplotype results of these seven
cases were consistent with the results of the other 20 and
did not provide any extra information (Table 1). We iden-
tified a conserved haplotype that cosegregated with the
mutation and was absent in healthy controls. This result
strongly suggests that the FH c.1118A>G variant is a
founder mutation, thus ruling out the recurrent mutation
hotspot hypothesis.

The mutation age was estimated using a single marker
method [17], with D1S2785 and D1S2842 as main recom-
binant markers, based on the genotypes observed on
affected chromosomes. The estimated number of gen-
erations since the appearance of the most recent com-
mon ancestor was between 12 and 26 (Additional file 2:
Table S1). Assuming 25 years per generation, the founder
FH mutation arose between 300 and 650 years ago (ca.
1370-1720).

Clinical findings

In total, 104 patients belonging to 31 different families
were heterozygous carriers of the FH ¢.1118A > G vari-
ant; they comprised 31 index cases and 73 relatives. This

Table 1 Minimum common haplotype among 20 FH c.1118A> G carrier families (the variant is highlighted in red). All carriers shared
a common 0.61-0.82 Mb haplotype (yellow) delimited by the D152785 and D152842 microsatellite markers. The minimum common

shared haplotype is indicated at the bottom by an arrow
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group included 53 women (51%) and 51 men (49%) with
a mean age of 53.3 (range, 12—91) years; 94 patients from
26 families originated from the province of Alicante in
southeast Spain. The estimated prevalence of HLRCC
due to founder variant in this province is 6.26/100,000
inhabitants.

Ninety-nine patients had undergone a dermatological
examination and 64 presented CLM (64.6%; 36 women,
28 men). The median age of diagnosis was 35.8 (SD, 13.6)
years (Fig. 1). Compared with patients carrying LoF vari-
ants, the frequency of CLM was higher in the present
cohort (Additional file 3: Table S2). We did not detect
differences according to sex. The majority of the relatives
were diagnosed with CLM by dermatological examina-
tion after positive result on genetic testing. No cases of
cutaneous leiomyosarcoma were detected.

Fifty out of the 51 women (98%) who had a gynecologi-
cal exam had ULM at a median age of 28.7 (SD, 6.8) years
(Fig. 1). This frequency was higher than that detected in
women with LoF variants (Additional file 3: Table S2).
One case was operated at 21 years because of a growing
myoma and received a pathological diagnosis of leiomyo-
sarcoma. She had complementary treatment with pelvic
radiotherapy. A new pathological review has diagnosed
the lesion as an atypical leiomyoma.

RCys were detected in 36 out of the 85 (42.4%) patients
who had undergone imaging examinations, 18 (50%)
women and 18 (50%) men, at a median age of 50.9 (SD,
19.5) years. These frequencies were higher than those
observed in individuals with LoF variants (Additional
file 3: Table S2). In a patient diagnosed at 21 years of
age with a large renal cyst, the pathological examination
showed atypia in the cyst wall.
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We confirmed the clinical information in 96 patients,
10 of whom presented with RCC (10.4%; seven men and
three women). A woman had two synchronous bilateral
RCCs. The median age at diagnosis was 40.6 (SD, 20)
years, highlighting three cases with onset at a very young
age: a boy at 10 years, a young man at 20 years, and the
woman with bilateral RCC at 24 years of age. In addi-
tion to papillary type 2 pattern, which was the most fre-
quent histological pattern, other patterns included clear
cell renal carcinoma, papillary carcinoma, collecting
duct carcinoma, and unclassified carcinoma. There were
no differences compared with the patients carrying LoF
variant.

Discussion

HLRCC is a very rare syndrome included in Orphanet’s
catalogue of rare diseases [18], with a very low prevalence
(1/200,000) [12]. However, it may be underestimated
because of misdiagnosis [19, 20]. The main manifesta-
tions of HLRCC are CLM and ULM. Skin lesions some-
times are sparse and individuals may think they are stings
or acne scars. Moreover, uterine fibroids are relatively
frequent in middle-aged women. Therefore, health pro-
fessionals usually do not suspect that individuals may suf-
fer from HLRCC.

A total of 289 pathogenic and 117 likely pathogenic FH
variants causing HLRCC or FMRD have been reported
in the ClinVar database [ [21], accessed on 04/23/2022)].
The cumulative population frequency of these pathogenic
and likely pathogenic FH variants is 168.54e—6 (64.43e—6
for LoF and 104.11e—6 for missense variants) [22, 23].

We previously reported a large series of 197 indi-
viduals with a genetic diagnosis of HLRCC [13]. We
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Fig. 1 Cumulative incidence based on age at diagnosis of different clinical manifestations in FH c.1118A > G carriers according to sex: women (A)
and men (B). Uterine leiomyomas are indicated in purple, cutaneous leiomyomas in red, renal cysts in blue, and renal cell cancer in green
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found a recurrent pathogenic variant, FH c.1118A>G
p-(Asn373Ser), and showed that it has a founder effect
in the Alicante province, with a prevalence of HLRCC of
6.26/100,000 inhabitants, which is the highest reported
to date.

In the present work, we reported a haplotype study of
this recurrent pathogenic variant identified in 104 indi-
viduals belonging to 31 apparently unrelated families,
which revealed a common haplotype shared among them
with an approximate size of 0.61-0.82 Mb. Considering
the recombination rate around the FH locus per genera-
tion, the estimated number of generations elapsed since
the origin of the founder mutation is between 12 and 26.
This means that we can date the origin of the mutation
between the years 1370 and 1720, which mostly cor-
responds to the historical period of the Modern Age in
Spain.

We also described the clinical phenotype of 104
patients from these 31 families. In a bibliographic review,
we only found one article describing an FH founder
mutation that includes the haplotype study of different
HLRCC families. Chuang et al. reported an FH splicing
founder mutation (c.905-1G>A) that was identified in
four families of Iranian origin with eight affected individ-
uals [24]. No probands with RCC or RCy were encoun-
tered among those families.

We detected an association between missense germline
pathogenic variants and the HLRCC clinical phenotype.
Individuals carrying missense pathogenic variants exhib-
ited a higher frequency of CLM, ULM, and RCy than did
carriers of LoF variants.

The present results obtained for carriers of the FH
c.1118A > G missense variant confirmed the higher fre-
quencies of CLM, ULM, and RCy in these individuals
compared with carriers of LoF variants. However, the fre-
quency of RCC was 10.9%, which is lower than the other
published series (12.4—34%) [3, 6-8, 12, 25]. This low rate
may be more realistic than those of the published series
selected based on the diagnosis of RCC. We described
three cases with onset at under 25 years of age. The asso-
ciated RCC is the most serious manifestation, because of
its aggressivity. Despite the low frequency of renal cancer,
its early age of onset makes it advisable to use magnetic-
resonance-imaging as an early diagnostic procedure, and
its cost-effectiveness has been demonstrated [26, 27].

One of the inherent limitations of this type of study is
the potential variability in the follow-up of individuals
carrying the mutation because of the lack of adherence
to the recommendations. This may affect the accuracy of
the estimation of the associated risks, especially in less
severe clinical manifestations.
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Studying patients carrying the same pathogenic vari-
ant allows a better assessment of the phenotype. This
group represents a unique in vivo model in which the
metabolic basis of tumor development, as well as the
effect of external risk factors for renal cancer can be
studied.

The characterization of a founder mutation using a
high number of carriers is the best scenario for the defi-
nition of a clinical phenotype specifically associated with
that alteration, and for the more precise establishment
of the risks associated with each of the related clinical
manifestations. In addition, the high prevalence of this
founder mutation in our population allows a more effi-
cient genetic diagnosis in suspected cases of HLRCC, as
this mutation is screened at the beginning of the diagnos-
tic process.

Conclusions

In the Spanish province of Alicante there is a high preva-
lence of HLRCC because of the founder mutation FH
c.1118A>G; p.(Asn373Ser). A haplotype analysis con-
firmed that families shared a common haplotype, indi-
cating that the recurrent FH c.1118A>G variant was
inherited from a founder ancestor. We estimated that
the variant appeared between the years 1370 and 1720.
The patients carrying these missense mutations had a
higher frequency of CLM, ULM, and RCy compared with
the frequencies described in HLRCC. However, there is
no statistically significant differences in the frequency
of RCC in individuals with the founder variant versus
individuals with LoF variants. In individuals with sus-
pected HLRCC from the province of Alicante, genetic
testing by direct analysis of the founder FH c.1118A >G;
p-(Asn373Ser) mutation may be a faster and more effi-
cient diagnostic tool compared with complete gene
sequencing.

Abbreviations

cM CentiMorgan

a Confidence interval

CLM Cutaneous leiomyomas

FH Fumarate hydratase

HLRCC  Hereditary leiomyomatosis and renal cell cancer
IQR Interquartile range

LoF Loss-of-function

Mb Megabase

ORs Odds ratio

RCC Renal cell cancer

RCys Renal cysts

STR Short tandem repeats

SNP Single nucleotide polymorphism

SD Standard deviation

TMRCA  Time of most recent common ancestor

UM Uterine leiomyomas
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Additional file 1: Fig. S1 Genetic distribution of the 38 polymorphic
markers covering 14 Mb around the FH c.1118A > G locus. Genetic mark-
ers, both SNPs and STRs, are indicated in black, whereas their genetic
position is indicated in grey according to GRCh38/hg38. From top to the
bottom, each genetic region marked in red is zoomed below.

Additional file 2: Table S1. The most recent common ancestor age
estimation of families carrying the FH c.1118A > G founder mutation (high-
lighted), as assessed based on single marker method calculations.

Additional file 3: Table S2. Phenotype-genotype correlations. Abbrevia-
tions: LoF, loss of function; OR, odds ratio; ¥, x° test.

Acknowledgements

We thank the patients and their families for participating in this study. We also
thank to Alejandro Moya, member of the statistical team at Hospital General
Universitario de Elche.

Author contributions

Study concept, design and drafting of the manuscript: ABSH, EDR, JLS, PB.
Acquisition of data: ABSH, EDR, AC, AT, MR, RS, AZ, RPI, TRC, CMS, IE, ALF, LR,
JLS, MIC, ASM, CL, JB, LG; Analysis, interpretation of data, and statistical analysis:
ABSH, EDR, JLS; Critical revision of the article for important intellectual content
and final approval of the article: All authors.

Funding
Project founded bySpanish Society of Medical Oncology Foundation (FSEOM).
SEOM +1 Grant (UGP-19-428).

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

Declarations

Ethics approval and consent to participate
This study was approved by the Research Ethics Committee of the Hospital
General Universitario de Elche on January 25, 2018 (code 42/2017).

Consent for publication
Not applicable.

Competing interests

Authors had no relevant conflicts of interest to this matter. Ana Beatriz
Sanchez-Heras COI are: Consulting or Advisory Role (Clovis), Speakers'Bureau
(AstraZeneca Spain; MSD; GlaxoSmithKline; Clovis), congress registration (MSD;
GSK).

Author details

!Cancer Genetic Counselling Unit, Medical Oncology Department, Hospital
General Universitario de Elche, 03203 Elche, Alicante, Spain. “Molecular Genet-
ics Laboratory, Hospital General Universitario de Elche, Elche, Alicante, Spain.
3Foundation for the Promotion of Health and Biomedical Research of Valencia
Region (FISABIO), FISABIO-Elche Health Department, Elche, Spain. *Hereditary
Endocrine Cancer, Human Cancer Genetics Programme Spanish National
Cancer Centre (CNIO), Madrid, Spain. *Centro de Investigacion Biomédica

en Red de Enfermedades Raras, CIBERER, 28029 Madrid, Spain. ®Hereditary
Cancer Program, Program in Molecular Mechanisms and Experimental Therapy
in Oncology (Oncobell), IDIBELL, Catalan Institute of Oncology, L'Hospitalet
del Llobregat, Barcelona, Spain. ’Multidisciplinary Rare Disease Unit, Internal
Medicine Department, Alicante University General Hospital, Alicante Institute
for Health and Biomedical Research (ISABIAL), Alicante, Spain. éClinical Genet-
ics Unit, Hospital Politécnico y Universitario La Fe, Valencia, Spain. °Hereditary
Cancer Genetics Group, VHIO, and Medical Oncology Department, Hospital
Vall D'Hebron, Barcelona, Spain. '°Medical Oncology Department. Hospital 12

Page 6 of 7

de Octubre, Madrid, Spain. ' Familiar Cancer Clinic, Medical Oncology Depart-
ment, Santa Creu i Sant Pau Hospital, Barcelona, Spain. '?Servicio de Derma-
tologfa, Hospital General Universitario de Elda, Elda, Alicante, Spain. '*Urology
Department, Hospital General Universitario de Elche, Elche, Alicante, Spain.
“Departamento de Histologia y Anatomia, Facultad de Medicina, Universidad
Miguel Herndndez, Sant Joan d’Alacant, Alicante, Spain.

Received: 22 September 2022 Accepted: 11 January 2024
Published online: 26 January 2024

References

1. Reed WB, Walker R, Horowitz R. Cutaneous leiomyomata with uterine
leiomyomata. Acta Derm Venereol. 1973;53:409-16.

2. Tomlinson IPM, Alam NA, Rowan AJ, Barclay E, Jaeger EEM, Kelsell D, et al.
Germline mutations in FH predispose to dominantly inherited uterine
fibroids, skin leiomyomata and papillary renal cell cancer. Nat Genet.
2002;30:406-10.

3. Alam NA, Barclay E, Rowan AJ, Tyrer JP, Calonje E, Manek S, et al. Clinical
features of multiple cutaneous and uterine leiomyomatosis: an underdi-
agnosed tumor syndrome. Arch Dermatol. 2005;141:199-206.

4. Gardie B, Remenieras A, Kattygnarath D, Bombled J, Lefevre S, Perrier-
Trudova V, et al. Novel FH mutations in families with hereditary leiomy-
omatosis and renal cell cancer (HLRCC) and patients with isolated type 2
papillary renal cell carcinoma. J Med Genet. 2011;48:226-34.

5. LaunonenV,Vierimaa O, Kiuru M, Isola J, Roth S, Pukkala E, et al. Inherited
susceptibility to uterine leiomyomas and renal cell cancer. Proc Natl Acad
Sci U S A.2001;98:3387-92.

6. Muller M, Ferlicot S, Guillaud-Bataille M, Le Teuff G, Genestie C, Deveaux S,
et al. Reassessing the clinical spectrum associated with hereditary leiomy-
omatosis and renal cell carcinoma syndrome in French FH mutation
carriers: MULLER et al. Clin Genet. 2017;92:606-15.

7. Toro JR, Nickerson ML, Wei M-H, Warren MB, Glenn GM, Turner ML, et al.
Mutations in the fumarate hydratase gene cause hereditary leiomyoma-
tosis and renal cell cancer in families in North America. Am J Hum Genet.
2003;73:95-106.

8. Wei M-H. Novel mutations in FH and expansion of the spectrum of phe-
notypes expressed in families with hereditary leiomyomatosis and renal
cell cancer. J Med Genet. 2005;43:18-27.

9. Castro-Vega LJ, Buffet A, De Cubas AA, Cascén A, Menara M, Khalifa E,
et al. Germline mutations in FH confer predisposition to malignant pheo-
chromocytomas and paragangliomas. Hum Mol Genet. 2014;23:2440-6.

10. Lehtonen HJ, Kiuru M, Ylisaukko-Oja SK, Salovaara R, Herva R, Koivisto
PA, et al. Increased risk of cancer in patients with fumarate hydratase
germline mutation. J Med Genet. 2006;43:523-6.

11. Coman D, Kranc KR, Christodoulou J. Fumarate Hydratase Deficiency. In:
Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJ, Gripp KW, et al,,
editors. GeneReviews® [Internet]. Seattle (WA): University of Washington,
Seattle; 1993 [cited 2022 Apr 3]. http://www.ncbi.nlm.nih.gov/books/
NBK1506/

12. Forde C, Lim DHK, Alwan Y, Burghel G, Butland L, Cleaver R, et al.
Hereditary leiomyomatosis and renal cell cancer: clinical, molecular, and
screening features in a cohort of 185 affected individuals. Eur Urol Oncol.
2020;3:764-72.

13. Sanchez-Heras AB, Castillejo A, Garcia-Diaz JD, Robledo M, Teulé A,
Sanchez R, et al. Hereditary leiomyomatosis and renal cell cancer
syndrome in spain: clinical and genetic characterization. Cancers.
2020;12:E3277.

14. ChanTL, Chan YW, Ho JWC, Chan C, Chan ASY, Chan E, et al. MSH2
€.1452-1455del AATG is a founder mutation and an important cause
of hereditary nonpolyposis colorectal cancer in the southern Chinese
population. Am J Hum Genet. 2004;74:1035-42.

15. Cunningham F, Allen JE, Allen J, Alvarez-Jarreta J, Amode MR, Armean IM,
et al. Ensembl 2022. Nucleic Acids Res. 2022;50:D0988-95.

16. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The
human genome browser at UCSC. Genome Res. 2002;12:996-1006.

17. Machado PM, Brandao RD, Cavaco BM, Eugénio J, Bento S, Nave M, et al.
Screening for a BRCA2 rearrangement in high-risk breast/ovarian cancer


https://doi.org/10.1186/s13023-024-03017-z
https://doi.org/10.1186/s13023-024-03017-z
http://www.ncbi.nlm.nih.gov/books/NBK1506/
http://www.ncbi.nlm.nih.gov/books/NBK1506/

Sanchez-Heras et al. Orphanet Journal of Rare Diseases (2024) 19:26

20.

21.

22.

23.

24.

25.

26.

27.

families: evidence for a founder effect and analysis of the associated
phenotypes. J Clin Oncol. 2007;25:2027-34.
Prevalence_of_rare_diseases_by_alphabetical_list.pdf [Internet]. [cited
2022 Apr 16]. https://www.orpha.net/orphacom/cahiers/docs/GB/Preva
lence_of_rare_diseases_by_alphabetical_list.pdf

Lu E, Hatchell KE, Nielsen SM, Esplin ED, Ouyang K, Nykamp K; et al. Fuma-
rate hydratase variant prevalence and manifestations among individuals
receiving germline testing. Cancer. 2022;128:675-84.

Shuch B, Li S, Risch H, Bindra RS, McGillivray PD, Gerstein M. Estimation of
the carrier frequency of fumarate hydratase alterations and implications
for kidney cancer risk in hereditary leiomyomatosis and renal cancer.
Cancer. 2020;126:3657-66.

Fumarate hydratase - ClinVar - NCBI [Internet]. [cited 2022 Apr 18]. https://
www.ncbi.nlm.nih.gov/clinvar?term=fumarate%20hydratase&cmd=corre
ctspelling

FH | gnomAD v2.1.1 | gnomAD [Internet]. [cited 2022 Apr 30]. https:.//
gnomad.broadinstitute.org/gene/ENSG00000091483?dataset=gnomad_
r2_1

Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera M, Meyer

R, et al. VarSome: the human genomic variant search engine. Bioinforma
Oxf Engl. 2019;35:1978-80.

Chuang GS, Martinez Mir A, Geyer A, Engler DE, Glaser B, Cserhalmi-
Friedman PB, et al. Germline fumarate hydratase mutations and evidence
for a founder mutation underlying multiple cutaneous and uterine
leiomyomata. American Academy of Dermatology; 2005 [cited 2022 Apr
30]; https://digital.csices/handle/10261/39383

Chayed Z, Kristensen LK, Ousager LB, Renlund K, Bygum A. Hereditary
leiomyomatosis and renal cell carcinoma: a case series and literature
review. Orphanet J Rare Dis. 2021;16:34.

Maher ER. Hereditary renal cell carcinoma syndromes: diagnosis, surveil-
lance and management. World J Urol. 2018;36:1891-8.

Thompson AJ, Alwan YM, Ramani VAC, Evans DG, Maher ER, Woodward
ER. Cost-effectiveness model of renal cell carcinoma (RCC) surveillance

in hereditary leiomyomatosis and renal cell carcinoma (HLRCC). J Med
Genet. 2022;jmedgenet-2021-108215.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 7 of 7


https://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of_rare_diseases_by_alphabetical_list.pdf
https://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of_rare_diseases_by_alphabetical_list.pdf
https://www.ncbi.nlm.nih.gov/clinvar?term=fumarate%20hydratase&cmd=correctspelling
https://www.ncbi.nlm.nih.gov/clinvar?term=fumarate%20hydratase&cmd=correctspelling
https://www.ncbi.nlm.nih.gov/clinvar?term=fumarate%20hydratase&cmd=correctspelling
https://gnomad.broadinstitute.org/gene/ENSG00000091483?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/gene/ENSG00000091483?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/gene/ENSG00000091483?dataset=gnomad_r2_1
https://digital.csic.es/handle/10261/39383

	Genetic and clinical characterization of a novel FH founder mutation in families with hereditary leiomyomatosis and renal cell cancer syndrome
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Patients and methods
	Patients and data collection
	Samples
	Haplotype analysis
	Time of most recent common ancestor (TMRCA) calculation
	Statistics analyses

	Results
	Haplotype characterization
	Clinical findings

	Discussion
	Conclusions
	Acknowledgements
	References


