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HUMAN CANCER
GENETICS PROGRAMME

The Human Cancer Genetics Programme ( HCGP ) is a
translational research programme working on areas related
to genetics, genomics, pharmacogenetics, molecular
cytogenetics and the environmental bases of human cancer.
The HCGP works in close collaboration with the clinical
community.
In 2021, the Human Cancer Genetics Programme was
composed of 2 Research Groups : Hereditary Endocrine Cancer
and Genetic and Molecular Epidemiology ; and 3 Units : Human
Genotyping-CEGEN, Molecular Cytogenetics and the Familial
Cancer Clinical Unit. In addition, the Programme includes a
Familial Cancer Consultancy for the evaluation of families
with cancer and the provision of genetic counselling, which
is located at the Hospital de Fuenlabrada.
The Programme collaborates closely with the clinical
community, not only to foster cooperation in genetic diagnosis
but also to promote training and education. In 2021, the
Familial Cancer Consultancy at the Hospital de Fuenlabrada
attended around 397 consultancies, and the HCGP
performed 900 genetic diagnoses and carried out 1,106
cytogenetic studies. In addition, the HCGP hosted 3 medical
residents from different Spanish hospitals for 3-month training
periods. The Programme also offers professionals and students
from different national and international research centres
the opportunity to join, either as visitors or for training visits
consisting of short-term stays of 1-3 months ; a total of 18
national visitors and students were hosted in 2021. In terms
of education, 16 national PhD students worked on their
research projects, 4 of whom already successfully defended
their theses.

Other major achievements of the Programme in 2021 include :
COST Action CA20122 - Harmonizing clinical care and research
on adrenal tumours in European countries, awarded to
Mercedes Robledo ; Ramón Areces Foundation grant to study
the microbiome of high-grade non-muscle invasive bladder
cancer, awarded to Núria Malats and the Weizmann Institute
in Israel, in collaboration with Francisco X. Real ; 1st prize
“ SETGyC Paper of the Year 2020-2021 ” in the Gene Therapy
category ( Molecular Cytogenetics Unit, Nat. Commun.); and
the 2021 Molecular Cloud “ Infinite Possibilities Teams Award ”
for genome editing ( Molecular Cytogenetics Unit ).
Upon the retirement of Javier Benitez in 2020, an international
search was launched for a new director to lead a new Cancer
Genomics Programme. The new programme will incorporate
the Groups and Units from the former programme, together
with other Groups that use biocomputational tools for the
study of cancer, currently under the Structural Biology
Programme. This area has the support of Raúl Rabadán,
Professor in the Department of Systems Biology and Biomedical
Informatics and Director of the Center for Topology of Cancer
Evolution and Heterogeneity of Columbia University ( New
York, USA ). In July 2021, Raúl was appointed as Adjunct
Professor at the CNIO, an honorary appointment that allows
him to maintain an official link with the Centre, reinforcing
the presence of the CNIO in the field of computational biology
approaches to cancer research.
Maria A. Blasco, Director
Óscar Fernández-Capetillo, Vice-Director

One of the main objectives of the Programme is to establish
research collaborations with national and international groups ;
this is well demonstrated by its publication record as well as
the key roles held by several of the Programme’s members in
consortia and international projects. In this regard, in
January 2021, several of the HCGP’s Group members, including
our former HCGP Director Javier Benítez, Ana Osorio and
Anna González-Neira, participated in a major international
study on the inheritance of breast cancer, published in the
prestigious New England Journal of Medicine.
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Mercedes Robledo
Group Leader

Staff Scientists
Alberto Cascón, Cristina Rodríguez

Post-Doctoral Fellows
Luis Javier Leandro, Ángel Mario
Martínez, Cristina Montero, Alberto
Díaz ( CIBERER, Madrid )

Graduate Students
Ángel Fernández ( since October ),
Javier Lanillos, Sara Mellid, Maria
Monteagudo, Juan M. Roldán ( until
February ), María Santos ( until
November ), Carlos Valdivia ( since
September )

Technicians
Bruna Calsina ( TS )*, Eduardo Gil,
Rocío Letón
Titulado Superior ( Advanced Degree )

*

Students in Practice
Alberto Mora ( May-December )
( Master’s Programme in
Bioinformatics, ISCIII-ENS, Madrid,
Spain ), Valeria Piñel ( until June )
( Universidad Autónoma de Madrid,
Spain )

OVERVIEW
Our Group is mainly interested in identifying genetic risk
factors involved in endocrine tumour susceptibility. Through
a comprehensive analysis of tumour genomic features, we
have been able to propose diagnostic and prognostic markers,
to identify altered pathways that could be therapeutically
targeted, and to identify new major susceptibility genes.
We are also interested in defining markers associated with
differences in anticancer drug response and toxicity. We are
applying targeted and whole-exome next-generation
sequencing to a large series of clinically well-characterised
patients. The aim is to identify new therapeutic approaches
to personalise cancer treatment. These efforts will collectively
improve the diagnosis, prognosis, and treatment of patients.
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“ We identified NOP10 as a new
metastatic risk marker for
paraganglioma, and recommend
genetic screening in patients with
metastatic non-clear cell renal
cancer, as they show high
prevalence of pathogenic germline
mutations in renal cancerpredisposition genes.”
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RESEARCH HIGHLIGHTS
Analysis of telomere maintenance related genes reveals
NOP10 as a new metastatic-risk marker in
Pheochromocytoma/Paraganglioma ( PPGL )

biological pathways influencing the development of these
tumours. Recently our group identified DLST, a gene encoding
one of the OGDH complex subunits of the TCA cycle, as a new
susceptibility gene for PPGL. Though TCA cycle enzymes are
common targets of PPGL predisposing mutations, it seems
that the mechanism leading to tumorigenesis in DLST-mutated
PPGLs is different from what has been previously described.
We used a cell model to examine the potential consequences
of mutated DLST in terms of its cellular location, function
and affected molecular pathways. We found a significant
decrease in the overall protein succinylation levels in the
presence of DLST alterations. This post-translational
modification ( PTM ) provides significant chemical and
structural changes to proteins, most likely influencing their
function. Accordingly, we found that the dysregulation of
succinylation seems to have an impact in several essential
pathways within cellular metabolism. These results suggest
a key role of DLST in protein succinylation and support the
relevance of this PTM in the development of different types
of cancer.

One of the main problems we face with PPGL is the lack of
molecular markers capable of predicting the development of
metastases in patients. Telomere-related genes, such as TERT
and ATRX, have been recently described as being associated
with disease progression in PPGL. However, the contribution
of other genes involving the telomere preservation machinery
had not been previously investigated. We analysed the prognostic
value of a comprehensive set of genes involved in telomere
maintenance in an outstanding series of genetically characterised
PPGL samples. In addition to TERT and ATRX, NOP10 showed
differential expression between metastatic and non-metastatic
cases, and alterations in these genes were associated with a
shorter time to progression. Analysis of telomere length by
Q-FISH in patient samples, and in an in vitro model, showed
that NOP10 overexpression is linked to an intermediate-length
telomere phenotype without ALT, and in vitro results suggested
that NOP10 has a role in telomerase dependent telomere
maintenance. Altogether, the results have allowed us to propose
NOP10 as a new risk marker for metastatic disease in patients
with PPGL, and to propose the use of NOP10
immunohistochemistry as a tool for easy implementation in
the clinical setting to stratify patients according to their risk
at the time of diagnosis ( see FIGURE ).

Prevalence of pathogenic germline variants in patients
with metastatic renal cancer
Germline mutations are estimated to affect 3-5% of renal cell
carcinoma ( RCC ) patients. However, higher mutational
prevalence in non-clear cell histologies and advanced disease
has been suggested. To clarify the incidence and spectrum of
pathogenic germline mutations in RCC, we recruited 294
unselected metastatic RCC cases plus 21 RCC patients with
clinical hereditary features. Germline mutations in RCCpredisposition genes ( FH, VHL ) occurred in 1.4% of the
unselected patients, with a higher frequency in younger patients

DLST is a key regulator of succinylation with
tumorigenic potential
Up to 20 genes have been described to be involved in PPGL
susceptibility so far, highlighting the remarkable diversity of
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PUBLICATIONS

Amar L, Pacak K, Steichen O, Akker SA,
Aylwin SJB, Baudin E, Buffet A, Burnichon
N, Clifton-Bligh RJ, Dahia PLM, Fassnacht
M, Grossman AB, Herman P, Hicks RJ,
Januszewicz A, Jimenez C, Kunst HPM,
Lewis D, Mannelli M, Naruse M, Robledo
M, Taïeb D, Taylor DR, Timmers HJLM,
Treglia G, Tufton N, Young WF, Lenders
JWM, Gimenez-Roqueplo AP, Lussey-Lepoutre C ( 2021 ). International consensus
on initial screening and follow-up of
asymptomatic SDHx mutation carriers.
Nat Rev Endocrinol. 17, 435-444.
Santos M, Lanillos J, Roldan-Romero JM,
Caleiras E, Montero-Conde C, Cascón A,
Climent MA, Anguera G, Hernando S,
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Laínez N, Robledo M, Robles L, de Velasco G, García-Donas J, Rodriguez-Antona
C ( 2021 ). Prevalence of pathogenic
germline variants in patients with metastatic renal cell carcinoma. Genet Med 23,
698-704.
Murakami M, Sun N, Greunke C, Feuchtinger A, Kircher S, Deutschbein T, Papathomas
T, Bechmann N, William Wallace P, Peitzsch
M, Korpershoek E, Friemel J, Gimenez-Roqueplo AP, Robledo M, J L M Timmers
H, Canu L, Weber A, R de Krijger R, Fassnacht
M, Knösel T, Kirchner T, Reincke M, Karl Walch
A, Kroiss M, Beuschlein F (2021). Mass spectrometry imaging identifies metabolic patterns associated with malignant potential
in pheochromocytoma and paraganglioma.
Eur J Endocrinol 185, 179-191.

( P=0.036 ) and in non-clear cell histologies ( P=0.0025 ).
Specifically, 14% of non-type 1 papillary cases carried an FH
germline mutation with loss-of-heterozygosity and tumour
DNA hypermethylation. Mutations in other cancer genes ( e.g.,
BRCA2, CHEK2 ) occurred in 5.1% of cases, but had unclear
significance for RCC. Our findings confirm high prevalence of
pathogenic germline mutations in RCC-predisposition genes
in metastatic non-clear cell RCC and highlight that metastatic
patients with papillary type 2 or unconventional histologies
compatible with FH would benefit from genetic screening.
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Ben Aim L, Maher ER, Cascon A, Barlier A,
Giraud S, Ercolino T, Pigny P, Clifton-Bligh
RJ, Mirebeau-Prunier D, Mohamed A, Favier J, Gimenez-Roqueplo AP, Schiavi F,
Toledo RA, Dahia PL, Robledo M, Bayley
JP, Burnichon N ( 2021 ). International initiative for a curated SDHB variant database
improving the diagnosis of hereditary
paraganglioma and pheochromocytoma.
J Med Genet. PMID : 34452955.
Esteban E, Exposito F, Crespo G, Lambea
J, Pinto A, Puente J, Arranz JA, Redrado
M, Rodriguez-Antona C, de Andrea C,
Lopez-Brea M, Redin E, Rodriguez A,
Serrano D, Garcia J, Grande E, Castellano
D, Calvo A ( 2021 ). Circulating levels of
the interferon-γ-regulated chemokines
CXCL10/CXCL11, IL-6 and HGF predict
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outcome in metastatic renal cell carcinoma patients treated with antiangiogenic
therapy. Cancers ( Basel ) 13, 2849.
Kinget L, Roussel E, Lambrechts D, Boeckx
B, Vanginderhuysen L, Albersen M,
Rodríguez-Antona C, Graña-Castro O,
Inglada-Pérez L, Verbiest A, Zucman-Rossi J, Couchy G, Caruso S, Laenen A, Baldewijns M, Beuselinck B ( 2021 ). MicroRNAs possibly involved in the development
of bone metastasis in clear-cell renal cell
carcinoma. Cancers ( Basel ) 13, 1554.
Kinget L, Roussel E, Verbiest A, Albersen
M, Rodríguez-Antona C, Graña-Castro O,
Inglada-Pérez L, Zucman-Rossi J, Couchy
G, Job S, de Reyniès A, Laenen A, Baldewijns M, Beuselinck B ( 2021 ). MicroRNAs targeting HIF-2α, VEGFR1 and/or
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VEGFR2 as potential predictive biomarkers for VEGFR tyrosine kinase and HIF-2α
inhibitors in metastatic clear-cell renal
cell carcinoma. Cancers ( Basel ) 13, 3099.
Monteagudo M, Martínez P, Leandro-García LJ, Martínez-Montes ÁM,
Calsina B, Pulgarín-Alfaro M, Díaz-Talavera A, Mellid S, Letón R, Gil E, Pérez-Martínez M, Megías D, Torres-Ruiz R, Rodriguez-Perales S, González P, Caleiras E,
Jiménez-Villa S, Roncador G, Álvarez-Escolá C, Regojo RM, Calatayud M, Guadalix S, Currás-Freixes M, Rapizzi E, Canu L,
Nölting S, Remde H, Fassnacht M, Bechmann N, Eisenhofer G, Mannelli M,
Beuschlein F, Quinkler M, Rodríguez-Antona C, Cascón A, Blasco MA, Montero-Conde C, Robledo M ( 2021 ). Analysis
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of telomere maintenance related genes
reveals NOP10 as a new metastatic-risk
marker in Pheochromocytoma/Paraganglioma. Cancers ( Basel ) 13, 4758.
März J, Kurlbaum M, Roche-Lancaster O,
Deutschbein T, Peitzsch M, Prehn C, Weismann D, Robledo M, Adamski J, Fassnacht
M, Kunz M, Kroiss M ( 2021 ). Plasma metabolome profiling for the diagnosis of
catecholamine producing tumors. Front
Endocrinol ( Lausanne ) 12, 722656.
Grande E, Rodriguez-Antona C, López C,
Alonso-Gordoa T, Benavent M, Capdevila
J, Teulé A, Custodio A, Sevilla I, Hernando
J, Gajate P, Molina-Cerrillo J, Díez JJ, Santos M, Lanillos J, García-Carbonero R
( 2021 ). Sunitinib and Evofosfamide ( TH302 ) in systemic treatment-naïve patients
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with grade 1/2 metastatic pancreatic
neuroendocrine tumors : the GETNE-1408
trial. Oncologist 26, 941-949.
Garcia-Carbonero R, Matute Teresa F,
Mercader-Cidoncha E, Mitjavila-Casanovas M, Robledo M, Tena I, Alvarez-Escola
C, Arístegui M, Bella-Cueto MR, Ferrer-Albiach C, Hanzu FA ( 2021 ). Multidisciplinary
practice guidelines for the diagnosis,
genetic counseling and treatment of pheochromocytomas and paragangliomas.
Clin Transl Oncol 23, 1995-2019.
Villabona C, Oriola J, Serrano T, Guerrero-Pérez F, Valdés N, Chiara M, Robledo
M ( 2021 ). The recurrent p.( Pro540Ser )
MEN1 genetic variant should be considered nonpathogenic : a case report. Am
J Med Genet A 185, 3872-3876.
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AWARDS AND RECOGNITION

Mercedes Robledo :
Awarded COST Action CA20122 Harmonizing clinical care and research on
adrenal tumours in European countries
( HARMONISATION ), July 2021.
Member of the WG4 Executive Committee
focused on hereditary cancer, IMPaCTGenómica project of the Spanish Institute
of Health Carlos III, Spain.
Member of the Scientific Advisory Board
of the Sant Pau Biomedical Research
Institute (IIB Sant Pau) since September
2021, Spain.
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Núria Malats
Group Leader

Post-Doctoral Fellow
Silvia Pineda ( until September )

Alberto Langtry, Victor M. Sobrino,
Nannan Xue ( since November )

Staff Scientist
M. Evangelina López De Maturana

Graduate Students
Raquel Benítez, Claudia Coscia,
Jiangchuan He, Francisco J Jurado,

Technicians
Lola Alonso (TS)*, Lidia Estudillo,
Vanesa Moreno (TS)*, Olga Rico (since
September), Sergio Sabroso (TS)*

*

Titulado Superior ( Advanced Degree )

(Sept.-Dec.) (IES Mirasierra, Spain)

Students in Practice
Tania Chadha and Daniel de San
Sebastián (Sept.-Nov.) (Bachelor´s
Degree Final Project, Univ. Politécnica
de Madrid, Spain), Dina Echchat

Visiting Master’s Students
Miguel Maquedano ( August-Dec.)
( Univ. Autónoma de Madrid, Spain ),
Laura Gutiérrez ( until May ) ( Univ.
Complutense de Madrid, Spain )

Visiting Scientists
Helena Fidalgo ( until May ) ( CIBER,
Madrid, Spain ), Isabel A. Martín
( Univ. CEU San Pablo, Madrid, Spain ),
Ashwag M. Mukhtar ( since Dec.) ( AI
Neelain University, Sudan, Africa )
( Science by Women Programme )

OVERVIEW
The scope of the research carried out by the Genetic and
Molecular Epidemiology Group ( GMEG ) ranges from the
identification of aetiological agents and genetic pathways to
the translation of the findings into the clinical and public
health domains, focusing on bladder, pancreatic, and breast
cancers.

“ Characterising the tumour immune
infiltrating repertoire provides
insights to understand its
immunogenicity and its association
with molecular and clinical factors
for better patient stratification.”

We employ a wide variety of biomarkers, including omics data,
to better characterise exposures, genetic susceptibility
patterns, and cancer outcomes. While omics data provide a
unique opportunity in this regard, their integration with nonomics data poses important challenges, and GMEG explores
this methodological field in epidemiologic studies.
The strategic goals of the Group are to :
ɗ Identify non-genetic and genetic factors, as well as their
interactions, associated with cancer development and
progression and with its molecular/omics subphenotypes.
ɗ Develop and apply statistical/informatics tools to model
the risk and course of patients with cancer by integrating
epidemiological and clinical data with omics information.
ɗ Assess clinical and public health strategies for cancer
control using newly developed biomarkers and algorithms.
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RESEARCH HIGHLIGHTS
Research Findings

sporadic PC. Regarding bladder cancer ( BC ), in 2021 GMEG
participated in several European projects in the clinical domain
that have assessed the relationship between patient sex with
treatment outcomes after intravesical BCG ( bacillus CalmetteGuérin ) immunotherapy for T1G3/HG bladder cancer and
identified the risk factors for residual disease at re-TUR ( repeat
transurethral resection ) in T1G3 patients and novel genes
associated with recurrence and progression in non-muscleinvasive bladder cancer. Furthermore, we have been involved
in a multi-omics analysis to identify prognostic molecular
subtypes of non-muscle-invasive bladder cancer.

In 2021, GMEG continued to contribute to the pancreatic and
bladder cancer epidemiological fields. Regarding pancreatic
cancer ( PC ), we aimed to explore the immune repertoire
landscape of PC and its association with risk factors and overall
survival by extracting the immunoglobulins ( IGs ) and T cell
receptors ( TCRs ) from the RNA-sequencing of 144 PC from
The Cancer Genome Atlas ( TCGA ) and 180 pancreatic normal
tissue from the Genotype-Tissue Expression ( GTEx ) project.
PC presented richer and more diverse IG and TCR infiltration
than normal pancreatic tissue. Higher IG infiltration was
present in heavy smokers and women, and it was associated
with better overall survival ( FIGURE 1 ). In addition, specific
IG clonotypes classified samples with better prognosis
( FIGURE 2 ). On the other hand, greater TCR infiltration was
present in patients with previous history of diabetes and was
associated with lower nonantigen load. We also characterised
the risk pattern of diabetes mellitus and BMI associated with
PC using causal inference methods. When exploring the
association between PC and gallbladder conditions, we
concluded that this relationship may be non-causal and partly
or largely due to diagnostic attention and/or reverse causation.
In the genetic susceptibility field, an integrated GWAS
approach allowed us to identify further 57 variants associated
with PC. We also participated in international consortia to
identify loci increasing the risk of PC among smokers and the
association of hepcidin-regulating iron metabolism genes
and genetic variants affecting microRNAs with PC. In the
clinical field, we were involved in 2 studies on liquid biopsy
revealing that KRAS negativity and longer overall survival
were associated with hereditary/familial PC and identifying
a plasma protein biomarker panel for early detection of
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PUBLICATIONS

Molina-Montes E, Coscia C, Gómez-Rubio
P, Fernández A, Boenink R, Rava M,
Márquez M et al. ( incl. Real FX, Malats N )
on behalf of the PanGenEU Study Investigators ( 2021 ). Deciphering the complex
interplay between pancreatic cancer,
diabetes mellitus subtypes, and obesity/
BMI through causal inference and mediation analyses. Gut 70, 319-329.
Lindskrog SV et al. ( incl. Malats N, Real
FX ) ( 2021 ). An integrated multi-omics
analysis identifies prognostic molecular
subtypes of non-muscle-invasive bladder
cancer. Nat Commun 12, 2301.
Mocci E, Kundu P et al. (incl. Malats N) (2021).
Smoking modifies pancreatic cancer risk
loci on 2q21.3. Cancer Res 81, 3134-3143.
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López de Maturana E, Rodríguez JA, Alonso L, Lao O, Molina-Montes E, Martín-Antoniano IA, Gómez-Rubio P, Lawlor R,
Carrato A, Hidalgo M, Iglesias M, Molero
X, Löhr M, Michalski C, Perea J, O’Rorke
M, Barberà VM, Tardón A, Farré A, MuñozBellvís L, Crnogorac-Jurcevic T,
Domínguez-Muñoz E, Gress T, Greenhalf
W, Sharp L, Arnes L, Cecchini L, Balsells
J, Costello E, Ilzarbe L, Kleeff J, Kong B,
Márquez M, Mora J, O’Driscoll D, Scarpa
A, Ye W, Yu J ; PanGenEU Investigators,
García-Closas M, Kogevinas M, Rothman
N, Silverman DT ; SBC/EPICURO Investigators, Albanes D, Arslan AA, Beane-Freeman L, Bracci PM, Brennan P, Bueno-de-Mesquita B, Buring J, Canzian F,
Du M, Gallinger S, Gaziano JM, Goodman
PJ, Gunter M, LeMarchand L, Li D, Neale

Methodological Contributions
GMEG also continued to explore the analytic strategies and
tools to integrate omics and non-omics data into the cancer
risk models, and made progress integrating medical image
information ( radiomics and digital pathology ).

FIGURE 1 Linear regression model
showing the association between the
IG entropy and smoking ( A ). Boxplot
showing the association between TCR
and diabetes and the association
between IG expression and sex ( B ).
Pearson correlation showing the
association between the TCR and IG

Translational Activities
GMEG actively supports several clinical trials on
immunotherapy in BC at the methodological level. We continue
to sustain the Spanish Familial PC Registry ( PanGen-FAM )
and the European Registry of PC ( PancreOS ). We are involved
in the PC research platform ( PC-CAM ) to accelerate the
translation of research results into the clinical domain. We
lead the Research Work Stream of the Pancreatic Cancer
Europe ( EPC ) multistakeholder platform, and we have moved
ahead in increasing awareness about PC. We contributed to
the UEG position paper on PC published in 2021. In addition,
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RE, Peters U, Petersen GM, Risch HA,
Sánchez MJ, Shu XO, Thornquist MD, Visvanathan K, Zheng W, Chanock SJ, Easton
D, Wolpin BM, Stolzenberg-Solomon RZ,
Klein AP, Amundadottir LT, Marti-Renom
MA, Real FX, Malats N ( 2021 ). A multilayered post-GWAS assessment on genetic
susceptibility to pancreatic cancer. Genome Med 13, 15.
Pineda S, López de Maturana E, Yu K,
Ravoor A, Wood I, Malats N, Sirota M
( 2021 ). Tumor-infiltrating B- and T-Cell
repertoire in pancreatic cancer associated with host and tumor features. Front
Immunol 12, 730746.
Yu J, Ploner A, Kordes M, Löhr M, Nilsson
M, de Maturana MEL, Estudillo L, Renz H,
Carrato A, Molero X, Real FX, Malats N,
Ye W ( 2021 ). Plasma protein biomarkers
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for early detection of pancreatic ductal
adenocarcinoma. Int J Cancer 148, 20482058.
Julián-Serrano S et al. ( incl. Malats N )
( 2021 ). Hepcidin-regulating iron metabolism genes and pancreatic ductal adenocarcinoma : a pathway analysis of genome-wide association studies. Am J Clin
Nutr 114, 1408-1417.
Earl J, Barreto E, Castillo ME, Fuentes
R, Rodríguez-Garrote M, Ferreiro R,
Reguera P, Muñoz G, Garcia-Seisdedos
D, López JV, Sainz B Jr, Malats N, Carrato A ( 2021 ). Somatic mutation profiling in the liquid biopsy and clinical
analysis of hereditary and familial pancreatic cancer cases reveals KRAS negativity and a longer overall survival.
Cancers ( Basel ) 13, 1612.
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FIGURE 2 Heatmap showing the
I G K c l o n o ty p e s s e l e c te d to
discriminate PDAC ( TCGA ) vs. Normal
Pancreas ( GTEx ) ( A ). Bi-plot showing
the 2 first principal component
analyses using the 24 clonotypes
selected and applied to both

with neoantigen load and mutational
rate ( C ). Forest plot showing the
hazard ratios and 95% confidence
intervals of IG/TCR measures with
overall survival ( D ). The * shows if
the correlation is significant ( FDR <
0.05 ).

discovery and validation datasets ( B ).
Overall survival Kaplan–Meier curves
with the 3 clusters obtained and the
boxplot with the tumour purity ( C ).
Comparison between the 3 clusters
with the cell content deconvoluted
using xCell ( D ).

we joined an initiative of the European Alliance for Personalised
Medicine to bring onco-innovation to Europe’s healthcare
systems by reviewing the potential of biomarker testing in
the real world to empower personalised medicine.
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Horgan D et al. ( incl. Malats N ) ( 2021 ).
Bringing onco-innovation to Europe’s
healthcare systems : the potential of biomarker testing, real world evidence, tumour
agnostic therapies to empower personalised medicine. Cancers ( Basel ) 13, 583.
Pistoni L et al. ( incl. López de Maturana
E, Malats N ) ( 2021 ). Associations between
pancreatic expression quantitative traits
and risk of pancreatic ductal adenocarcinoma. Carcinogenesis 42, 1037-1045.
Michl P, Löhr M, Neoptolemos JP, Capurso G, Rebours V, Malats N, Ollivier M,
Ricciardiello L ( 2021 ). UEG position paper
on pancreatic cancer. Bringing pancreatic cancer to the 21st century : prevent,
detect, and treat the disease earlier and
better. United European Gastroenterol J
9, 860-871.

∞

∞

∞

D’Andrea D et al. ( incl. Malats N ) ( 2021 ).
Association of patients ’ sex with treatment outcomes after intravesical bacillus
Calmette-Guérin immunotherapy for
T1G3/HG bladder cancer. World J Urol 39,
3337-3344.
Lu Y et al. ( incl. López de Maturana E,
Malats N ) ( 2021 ). Association of genetic
variants affecting microRNAs and pancreatic cancer risk. Front Genet 12, 693933.
Rosato V, Gómez-Rubio P, Molina-Montes
E, Márquez M, Löhr M, O’Rorke M, Michalski CW, Molero X, Farré A, Perea J, Kleeff
J, Crnogorac-Jurcevic T, Greenhalf W, Ilzarbe L, Tardón A, Gress T, Barberá VM,
Domínguez-Muñoz E, Muñoz-Bellvís L,
Balsells J, Costello E, Iglesias M, Kong B,
Mora J, O’Driscoll D, Poves I, Scarpa A, Ye
W, Hidalgo M, Sharp L, Carrato A, Real
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FX, La Vecchia C, Malats N ; PanGenEU
Study Investigators ( 2021 ). Gallbladder
disease and pancreatic cancer risk : a
multicentric case-control European study.
Eur J Cancer Prev 30, 423-430.
Pisano F et al. ( incl. Malats N ) ( 2021 ). Risk
factors for residual disease at re-TUR in
a large cohort of T1G3 patients. Actas Urol
Esp 45, 473-478.
Galesloot TE et al. ( incl. Malats N ) ( 2021 ).
Genome-wide meta-analysis identifies
novel genes associated with recurrence
and progression in non-muscle-invasive
bladder cancer. Eur Urol Oncol. PMID :
34353775.
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PATENT

Malats Riera N, Bork P, Kartal E, Molina
Montes E, Rodríguez S, Estudillo L, Real
FX, Schmidt TSB, Zeller G, Wirbel J, Maistrenko OM ( 2021 ). Faecal Microbiota
Signature for Pancreatic Cancer.
EP21382876.7.
AWARDS AND RECOGNITION

Núria Malats, together with Francisco X.
Real and the Weizmann Institute of Science, received Ramón Areces Foundation
Grant to study the microbiome of highgrade non-muscle invasive bladder cancer, Fundación Ramón Areces, Spain.

107

Translational Research

FAMILIAL CANCER
CLINICAL UNIT

Human Cancer Genetics Programme | Familial Cancer Clinical Unit

Miguel Urioste
Clinical Unit Head

Staff Scientist
Ana Osorio

Graduate Student
Erik Michel Marchena ( since April )
( PEJ, CAM ) *

Technicians
Alicia Barroso, Victoria Fernández
( TS )*, Verónica García ( TS )*, Maika
González-Neira, Fátima Mercadillo

*
Plan de Empleo Joven de la Comunidad de
Madrid ( Youth Employment Plan,
Community of Madrid )

Student in Practice
Beatriz Benito ( January-June )
( Master’s Thesis, Universidad
Complutense de Madrid, Spain )

*Titulado Superior ( Advanced Degree )

CLINICAL, DIAGNOSTIC AND RESEARCH HIGHLIGHTS
Mosaic variegated aneuploidy ( MVA ). Using WES we found
biallelic loss-of-function MAD1 mutations in a 30-year-old
female with multiple cancers, together with a constellation
of benign neoplasia derived from the 3 embryonic layers, and
developmental defects. The patient showed the highest rate
of variegated aneuploidy associated with mutations in any
gene involved in SAC ( FIGURE 1 ) and MAD1 protein absence,
a circumstance that is in principle incompatible with embryonic
development. In collaboration with other CNIO groups, we
are investigating the relationship between aneuploidy and
tumorigenesis, trying to identify a second mechanism — a
dysfunction in APC/C or in another biological process involved
in ensuring chromosome segregation — that could contribute
to cell viability or evasion of embryonic lethality.

ANNUAL REPORT 2021

DNA glycosylase inhibitors as a new therapeutic approach
in hereditary BC patients. We are exploring the possible
therapeutic use of OGG1 glycosylase inhibitors in BC patients.
We found that the inactivation of BER by the OGG1i TH5487
increases the accumulation of oxidised bases at the telomeres,
leading to telomere loss and post-mitotic defects. Moreover,
we discovered that TH5487 enhances the activity of the PARP1
inhibitor olaparib in BRCA1 deficient cells.
Clinical and diagnostic activity. During 2021, our consultancy
at the Fuenlabrada Hospital was visited by 397 patients and
900 genetic studies were performed in the laboratory.

Deciphering the role of rare variants in Breast Cancer (BC).
Earlier in 2021, the 2 largest BC case-control studies published
so far confirmed 11 genes associated with BC susceptibility
and that therefore should be included in diagnostic testing.
All these genes were already considered clinically relevant,
except BARD1, whose role in BC susceptibility had not been
clearly established until now. Based on these results, we
included BARD1 in our diagnostic panel, and we analysed the
gene in a large series of 2000 BRCAX Spanish families. We
found a strikingly high proportion of large deletions in the
gene that suggest the existence of regional differences in the
spectrum of mutations in the Spanish population.

OVERVIEW
Mosaic variegated aneuploidy ( MVA ) is a rare genetic condition
that groups together a number of individuals with constitutional
mosaic aneuploidies involving different chromosomes,
associated with a constellation of clinical features such as
developmental delay, microcephaly, and other congenital
defects. Cancer predisposition, especially embryonal tumours,
is one of the most important clinical signs of MVA. Among
several others, spindle assembly checkpoint ( SAC ) is an
important mechanism involved in the correct segregation of
chromosomes, thus preventing the appearance of aneuploidies.
To date, 3 SAC genes − BUB1B, CEP57, and TRIP13 − have
been identified as being involved in MVA. Mutations in these
genes only account for a proportion of MVA patients. The
identification of new genes involved in MVA is not only
essential for genetic counselling and for the management of

identified 13 additional candidate genes that are currently
being analysed by NGS to evaluate their role in the disease in
a large set of 3000 Spanish BC families.

Identification of new BC susceptibility genes. We previously
identified RECQL5, a member of the RECQL-helicases family,
as a new BC susceptibility candidate. More recently, we

these patients, but also to unravel the complex relationship
between aneuploidy and carcinogenesis.
We also continued our research to try to decipher the genetic
bases of familial breast and colorectal cancer, and to apply
such knowledge to clinical practice through our Familial
Cancer Consultancy in the Fuenlabrada University Hospital.
In addition to both identifying new genes involved in the
susceptibility to these tumours and quantifying the associated
risk, we have also been exploring new therapeutic tools that
could be useful in the future.

∞

∞

∞

∞

108

FIGURE 1 Single-cell, low-coverage
whole genome sequencing (WES)
analysis was performed in blood
lymphocytes of the proband and her
parents. The analysis demonstrated
a high rate of variegated aneuploidy
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RESEARCH HIGHLIGHTS
A new protocol to quantify the alterations ( copy number
changes ) in cancer samples. Chromosomal instability ( CIN ),
a type of genomic instability, favours changes in chromosome
number and structure and is associated with the progression and
initiation of multiple diseases, including cancer. Therefore, CIN
identification and analysis represent a helpful tool for cancer
diagnosis and treatment. In 2021, we reported an optimised
molecular cytogenetic protocol to detect CIN in formalin-fixed,
paraffin-embedded mouse and human tissues, using fluorescent
in situ hybridization to visualise and quantify chromosomal
alterations such as amplifications, deletions, and translocations.
Technological and translational activities. Our Unit offers
rapid, precise, and affordable technologies to analyse cancer
cells at the chromosome level and to functionally interrogate
the cancer genome. We provide state-of-the-art molecular
cytogenetic and genome editing services. The Unit focuses
on making available a complete repertoire of gene editing
tools for cellular and genetic manipulation and an array of
delivery vehicles, offering a flexible, modular platform for
precision genome manipulation. The Unit provides molecular
cytogenetics technologies for human and mouse chromosomes
analysis, including conventional karyotyping, FISH, SKY
and CGH array. In 2021, we carried out over 2,500 assays for
experimental and clinically oriented projects.

FIGURE Schematic representation
of chromosomal abnormalities
detected by fluorescence in situ
hybridization (FISH). Schematic
representation at genomic level of
wild-type and rearranged FISH signal
patterns detected by: (A) a breakapart probe and (B) a dual-fusion
probe. (C) Schematic representation

of amplification, deletion and
polyploidy FISH signalling patterns
detected by an enumeration FISH
probe. Amplification shows multiple
red signals, deletion shows loss of a
red signal, and polyploidy where the
probe signal shows multiple sets of
chromosomes, observed by 3 pairs
of fusion signals.

OVERVIEW
∞

Recurrent chromosomal rearrangements — changes in the
structure of native chromosomes — are very common and
well-known hallmarks of cancer. A better understanding of
these cancer-causing mechanisms will lead to novel therapeutic
regimens to fight cancer. The research activity of the Molecular
Cytogenetics and Genome Editing Unit focuses on increasing
the knowledge about the role of chromosomal rearrangements
in cancer development and progression and discovering new
therapeutic targets. With the combined use of CRISPR genome
editing and cytogenetic technologies, we are creating models
that recapitulate chromosomal and genetic cancer alterations.
The goal of the Unit is to provide CNIO and external researchers
with the latest technologies used in the fields of molecular
cytogenetics and genome editing. The Unit is continuously
implementing and developing new technologies in those fields.

ANNUAL REPORT 2021

“ We apply genome engineering
approaches to reproduce and
eliminate chromosome
rearrangements and gene
alterations. We also provide access
to the latest cytogenetic and
CRISPR technologies.”

∞

∞
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We also participate in collaborative projects with clinical and
basic science investigators across the CNIO and other
institutions.
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RESEARCH HIGHLIGHTS
Breast cancer risk genes – association analysis in more
than 113,000 women. This study is the result of the European
project BRIDGES ( Breast Cancer Risk after Diagnostic Gene
Sequencing ), in which the Unit participates. The study was
based on the analysis of 34 known or suspected breast cancer
susceptibility genes in DNA samples from 60,400 women who
had developed breast cancer and 53,400 healthy women. The
results pinpoint 9 genes for which there is solid evidence of
their involvement in the disease : ATM, BRCA1, BRCA2,
CHEK2, PALB2, BARD1, RAD51C, RAD51D and TP53. This
was already known for some of these genes, but for others,
such as RAD51C and D and BARD1, their involvement was
not so well established. For all genes, more precise risk
estimates can now be calculated, and these estimates are
tailored for each tumour subtype. By contrast, the study shows
that about 15 of the genes that have been used so far in some
tests are not indicative of an increased risk for breast cancer
and should therefore not be taken into account in risk estimates,
at least at this time ( Dorling L et al., 2021 ).

“ Our goal is to identify predictive
markers in cancer that allow
individual risk assessment, thus
integrating personalised medicine
into healthcare practice.”
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POLRMT as a novel susceptibility gene for cardiotoxicity in
epirubicin treatment of breast cancer patients. Anthracyclines
are among the most used chemotherapeutic agents in breast
cancer ( BC ). However, their use is hampered by anthracyclineinduced cardiotoxicity ( AIC ). To identify novel predictive
genes, we conducted a 2-stage genome-wide association study
in epirubicin-treated BC patients. The most interesting and
replicated finding was rs62134260, located 4kb upstream of
POLRMT ( OR = 5.76, P = 2.23 × 10− 5 ). This variant regulates
the expression of POLRMT, a gene that encodes a mitochondrial
DNA-directed RNA polymerase, responsible for mitochondrial
gene expression. Individuals harbouring the risk allele had
decreased expression of POLRMT in heart tissue, which may
cause impaired capacity to maintain a healthy mitochondrial
population in cardiomyocytes under stress conditions, such
as is the case with epirubicin treatment. This finding suggests
a novel molecular mechanism involved in the development
of AIC and may improve our ability to predict which patients
are at risk ( Velasco-Ruiz A et al., 2021 ).

Characterisation of pharmacogenetic variability in the Spanish
population. Pharmacogenetics ( PGx ) allows for patients to
be managed in an individualised manner, leading to the better
safety and efficacy of treatments. Nevertheless, genetic
differences between populations need to be considered before
implementing PGx. We used data from 3006 Spanish
individuals to analyse pharmacogenetic variation in 1055
important pharmacogenes for population characterisation.
For 21 clinically relevant pharmacogenes, our analysis revealed
that 98% of the Spanish individuals harboured at least 1 allele

OVERVIEW
In the Unit we implement high-throughput and cost-effective
methods to measure from one to millions of genetic variants,
mainly single nucleotide variants ( SNVs ) and copy number
variants ( CNVs ). Epigenetic analyses are also performed.
Complementarily, our research focuses on identifying genes
associated with cancer risk and response to therapy to
understand the underlying molecular mechanisms of cancer
susceptibility and drug efficacy/toxicity and to improve
individual risk assessment for the identification of high-risk
populations.

that leads to a change in the therapy. We also identified 7775
putative pathogenic SNVs and 33 CNVs. This study provided
useful information to facilitate PGx implementation in our
country by ( i ) confirming that almost all Spanish individuals
could benefit from pharmacogenetics diagnostics ; ( ii )
identifying additional pathogenic pharmacovariants with a
possible functional role, data freely available to the public by
accessing the Collaborative Spanish Variant Server ; and ( iii )
demonstrating that PGx microarrays can be a cost-effective
solution for testing.
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