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1 |  INTRODUCTION

The evolution of next-generation sequencing (NGS) technol-
ogies has enabled for multigene panel analysis which is used 
in clinical practice for the identification of individuals with an 

inherited predisposition to cancer with the vast majority of them 
receiving results in genes for which clinical management guide-
lines are available (Slavin et al., 2015; Susswein et al., 2016).

Pathogenic variants in the MSH2 (OMIM:609309) 
have been associated with Lynch syndrome (Hereditary 
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Abstract
Background: Carriers with pathogenic variants in MSH2 have increased risk to de-
velop colorectal, endometrium, ovarian, and other types of cancer. The PALB2 is 
associated with breast, ovarian, pancreatic, and prostate cancer. We describe the case 
of a 42-year-old female diagnosed with endometrial cancer at the age of 42 years 
with a strong family history of colorectal cancer, which was referred to our private 
diagnostic laboratory for genetic testing.
Methods: In this study, we performed next-generation sequencing (NGS) using an 
amplicon based 26 genes panel. The presence of multi-exonic copy number varia-
tions (CNVs) was investigated by computational analysis and Multiplex Ligation-
dependent Probe Amplification (MLPA).
Results: A gross deletion of the genomic region encompassing exons 11–16 of the 
MSH2 and the loss-of-function variant c.757_758delCT, p.(Leu253Ilefs*3) in the 
PALB2 were identified in the proband.
Conclusions: Multigene analysis using NGS technology allows the identification of 
pathogenic variants in genes that would normally not be tested based on the patient 
diagnosis. In our case these results explained not only the personal and/or family 
history of cancer but also allowed the surveillance for prevention of other cancer 
types. Moreover, the detection of large genomic rearrangements should be routinely 
included in hereditary cancer testing.
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Nonpolyposis Colorectal Cancer—HNPCC). MSH2 mu-
tation carriers have an increased risk of developing mainly 
colon and endometrial cancer. Moreover, pathogenic variants 
in MSH2 have also been associated with ovarian, gastric, pan-
creatic, and brain tumors (Obermair et al., 2010).

Individuals who carry a pathogenic PALB2 variant have an 
increased risk for autosomal dominant breast cancer, and possi-
bly ovarian and pancreatic cancer (Rahman et al., 2007; Erkko 
et al., 2008; Antoniou et al., 2014). Additionally, the PALB2 
(OMIM:610355) is associated with autosomal recessive Fanconi 
anemia, type N (FA-N). Patients carrying a pathogenic variant in 
the PALB2 have a 14% risk of developing breast cancer by the 
age of 50 and a 35% risk by the age of 70 (Antoniou et al., 2014).

In this case study we report an individual who carries two 
pathogenic variants which are associated with a predisposition 
to MSH2- and PALB2-related cancers. To our knowledge, clini-
cal significant variants in these two different cancer genes have 
not been reported before simultaneously within one patient. 
Therefore, it is not known if these two pathogenic variants may 
interact and result in a difference in the cancer risks.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

Our study was approved by Hygeia hospital's scientific com-
mittee. The proband and the family members tested were in-
formed about the significance of molecular testing, provided 
information about personal and family history and have 
signed an informed consent form prior to molecular genetic 
testing and permission for the anonymous use of their data 
for research purposes and/or scientific publications.

2.2 | Patient

A 42-year-old female was diagnosed with endometrial cancer at 
the age of 42, and since colorectal, endometrium, ovarian, and 
kidney cancer was observed in her family, was referred to our 
private diagnostic laboratory for genetic testing with a hereditary 
cancer panel. Mismatch Repair (MMR) analysis by immunohis-
tochemistry was carried out in the tumor tissue of the proband.

2.3 | Gene testing

We collect peripheral blood samples for NGS analysis. 
Genomic DNA was extracted from peripheral blood leuko-
cytes using MagCore® Genomic DNA Whole Blood Kit (RBC 
Bioscience) according to the manufacturer's instructions.

The analysis of the entire coding region including the in-
tron–exon boundaries of 26 genes involved in hereditary cancer 

predisposition was performed using the RUO BRCA Hereditary 
Cancer MASTR™ Plus assay kit (Multiplicom NV, Agilent) 
[ABRAXAS1 (FAM175A) (NM_139076), ATM (NM_000051), 
BLM (NM_000057), BARD1 (NM_000465), BRCA1 (NM_ 
007294), BRCA2 (NM_000059), BRIP1 (NM_032043), CDH1 
(NM_004360), CHEK2 (NM_007194), EPCAM (NM_002354), 
MEN1 (NM_000244), MLH1 (NM_000249), MRE11 (MRE11A) 
(NM_005591), MSH2 (NM_000251), MSH6 (NM_000179), 
MUTYH (NM_001128425), NBN (NM_002485), PALB2 (NM_ 
024675), PMS2 (NM_000535), PTEN (NM_000314), RAD50 
(NM_005732), RAD51C (NM_058216), RAD51D (NM_ 
002878), STK11 (NM_000455), TP53 (NM_000546), XRCC2 
(NM_005431)]. The sample preparation was performed accord-
ing to the manufacturer's instructions. The sequencing was car-
ried out using the Illumina MiSeq NGS technology and sequence 
changes were identified and interpreted in the context of a single 
clinically relevant transcript using the commercially available 
software suite SeqNext (JSI medical systems GmbH, Germany).

The presence of multi-exonic copy number variations 
(CNVs), was investigated using the Multiplex Ligation-
dependent Probe Amplification (MLPA) method (MRC 
Holland) for the following genes: BRCA1, BRCA2, CHEK2, 
EPCAM (Exons 8, 9), MLH1, MSH2, MSH6, MUTYH, PALB2, 
RAD50 (Exons 1, 2, 4, 10, 14, 21, 23 και 25), RAD51C, 
RAD51D, and TP53. MLPA analysis was performed using 
the appropriate MLPA probe mix and according to manufac-
turer's instructions: BRCA1: P002; BRCA2: P045; CHEK2: 
P190; EPCAM, MSH6: P072; MLH1, MSH2:P003; MUTYH: 
P378; PALB2, RAD50, RAD51C, RAD51D:P260; TP53:P056 
(MRC Holland). Electrophoresis was achieved on an Applied 
Biosystems 3130 Genetic Analyzer (Applied Biosystems) 
and analysis was carried out using the Coffalyser.Net soft-
ware. Moreover, the presence of multi-exonic copy number 
variations (CNVs) was investigated using the commercial 
computational algorithm SeqPilot Version 4.4 Build 505 (JSI 
Medical System) using the NGS data.

Genomic DNA was extracted from peripheral blood leu-
kocytes from siblings of the proband and was subjected to 
PCR using primers specific for the genetic location where 
the variant in the PALB2 has been identified. Mutation anal-
ysis was carried out by Sanger sequencing and the results ob-
tained were compared to reference sequences. Furthermore, 
MLPA for the MSH2 multi-exonic deletion analysis was 
performed using commercially available kit (SALSA MLPA 
P003 MLH1/MSH2 probemix).

2.4 | Variant classification and 
bioinformatics analysis

The clinical significance of variants was examined using the 
standards and guidelines for the interpretation of sequence 
variants recommended by the ACMG Laboratory Quality 
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Assurance Committee and the Association for Molecular 
Pathology (AMP) (Richards et al., 2015). The impact of mis-
sense substitutions on protein structure and function was an-
alyzed using computational predictive algorithms combined 
with the ensemble mutational impact score of MetaSVM 
(Dong et al., 2015). The effect on splicing was computation-
ally examined using the Human Splicing Finder bioinformat-
ics software (Desmet et al., 2009).

3 |  RESULTS

In our proband with endometrial cancer at the age of 42 years 
two pathogenic variants in the MSH2 and PALB2 were identi-
fied. The c.(1661+1_1662-1-(*1_?)del variant in MSH2 was 
a gross deletion of the genomic region encompassing exons 
11–16 and was detected using the SALSA MLPA P248 
MLH1-MSH2 Confirmation probemix (Figure  S1). This 
multi-exonic deletion is expected to lead to the production of 
a truncated, inactive protein from one allele. This variant has 
been reported in individuals affected with Lynch syndrome 
(Martínez-Bouzas et al., 2007; Romero et al., 2013) and has 
been described as pathogenic (https://www.ncbi.nlm.nih.gov/
clinv ar/varia tion/45506 0/). Additionally, the MMR analysis 
indicated significantly reduced expression of the MSH2 pro-
tein (5%), while the expression of MLH1, MSH6, and PMS2 
proteins was 80%, 30%, and 60%, respectively (Figure S2).

The PALB2 alteration c.757_758delCT,p.(Leu253Ilefs*3) 
was a deletion of two nucleotide bases in exon 4 of the gene, 
which led to a change of the reading frame and the generation 
of a termination codon after 3 amino acid residues (Figure S3). 
This variant has been identified in patients with breast and/
or ovarian cancer (Casadei et al., 2011; Walsh et al., 2011; 

Caminsky et al., 2016; Shirts et al., 2016). Moreover, this 
variant has been reported to co-occur with a second patho-
genic PALB2 variant in an individual affected with Fanconi 
anemia (Reid et al., 2007). It is also described as pathogenic 
by several laboratories in ClinVar (https://www.ncbi.nlm.nih.
gov/clinv ar/varia tion/12676 8/). No other pathogenic/likely 
pathogenic variants were identified in the remaining 24 genes 
that were analyzed.

In the family history of the proband there were many 
cancer-affected individuals, while colorectal and endome-
trial cancers were the prevalent tumor types (Figure  1). 
Additionally, all four siblings of this proband, two brothers 
(IV:5 and IV:6) and two sisters (IV:7 and IV:8) carried the 
MSH2 but not the PALB2 variant. The two sisters were af-
fected by endometrial and colorectal cancer, respectively, 
phenotypes fully compatible with the MSH2 alteration.

4 |  DISCUSSION

The patient's phenotype of endometrial cancer can be attrib-
uted to the presence of the MSH2 variant. MMR results that 
show minimal expression of the MSH2 protein also support 
the inactivation of MSH2, indicating that most probably it 
could be the causative reason of tumor development. The 
identification of the PALB2 pathogenic variant was an inci-
dental finding, which, however, has a great impact not only 
for the family members of this individual but also for her sur-
veillance and clinical management. Thus, this patient should 
follow surveillance guidelines for both the MSH2, which in-
creases the risk mainly for colorectal and endometrial can-
cer (The National Comprehensive Cancer Network. Genetic/
Familiar High-Risk Assessment: Colorectal (Version 1. 

F I G U R E  1  Pedigree of the proband's family. y.o, years old; d, died. Symbol +/− indicates test result. Different cancer types are represented 
with distinct colors

https://www.ncbi.nlm.nih.gov/clinvar/variation/455060/
https://www.ncbi.nlm.nih.gov/clinvar/variation/455060/
https://www.ncbi.nlm.nih.gov/clinvar/variation/126768/
https://www.ncbi.nlm.nih.gov/clinvar/variation/126768/
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2019, Accessed 3 July 2019), and for the PALB2 mutation 
which confers increase risk for breast cancer (The National 
Comprehensive Cancer Network. Genetic/Familiar High-
Risk Assessment: Breast and Ovarian (Version 3. 2019, 
Accessed 18 January 2019). In addition, the identification 
of the PALB2 pathogenic variant could also have future 
therapeutic implications for this patient since this gene is a 
member of the homologous recombination pathway, and its 
inactivation is known to confer impaired double strand break 
repair, a phenotype known as Homologous Recombination 
deficiency (HRD) (O'Kane, Connor, & Gallinger, 2017). 
HRD is associated with increased probability of response to 
targeted therapy with Poly(ADP-ribose) polymerase inhibi-
tors (PARPi) in multiple tumor types (Ohmoto & Yachida, 
2017). Currently, germline and/or somatic mutations in 
HR genes are considered predictive markers of PARPi ef-
ficacy and are under investigation in several clinical trials. 
Preliminary results have shown that PALB2 mutations could 
be predictive of PARPi treatment response in diverse tumor 
types (Mateo et al., 2019; Pilié et al., 2019; https://clini caltr 
ials.gov/). Thus, information on this gene could be useful 
in case of cancer recurrence, in the proband. Moreover, the 
proband's test results and the recommendation for testing 
close relatives (siblings), enabled their personalized clini-
cal management and surveillance according to international 
guidelines.

It is expected that the detection of two pathogenic muta-
tions in two different genes is associated with increased risk 
of developing cancers associated with each gene separately. 
In the international literature there are no reports of patients 
carrying mutations in these two genes at the same time. As a 
result, it is not possible to predict whether the effect of these 
two variants interacts, thus changing the phenotype of the 
subject. The main limitation of this study was the absence of 
genetic material from the proband's mother and father who 
were diagnosed with skin and colorectal cancer, respectively.

In the past whenever a patient with cancer family history 
was referred for genetic analysis, it was common clinical 
practice to perform sequential analysis of the one or the few 
genes that suited more to his phenotype. However, single 
gene analysis apart from being laborious and time consum-
ing, it has also the disadvantage of leading to the termination 
of the analysis whenever a positive finding was identified. 
By using NGS technology, it has become possible to study 
a wider range of hereditary cancer-related genes simultane-
ously. This has an important clinical impact since, as ob-
served in previous studies (Crawford et al., 2017; LaDuca 
et al., 2014; Tsaousis et al., 2019) a considerable percentage 
of individuals with pathogenic findings, present clinical sig-
nificant variants in more than one gene. Each altered gene 
can independently increase the risk of different tumor types, 
while their combined effect in many cases has not been stud-
ied. For example, an individual carrying mutation in a breast 

cancer risk gene and in a gene conferring increased risk of 
colorectal cancer should take in consideration these find-
ings and follow surveillance guidelines for both alterations. 
In addition, the patient's relatives should consider testing for 
both alterations detected. If the cancer phenotype had been 
attributed only to the first alteration identified some of the 
carrier's relatives negative for the first alteration and carrying 
the second alteration would have been misclassified as of low 
risk for cancer development.

In conclusion, NGS technology enables the analysis of 
multigene panels and can accelerate the identification of 
the causative etiology of cancer phenotype in the proband's 
family. Furthermore, this analysis can be more informative 
compared to single gene analysis and lead to the identifica-
tion of multiple clinical findings that have an impact both 
on the clinical management of the individual examined and 
on the more accurate determination of the cancer risk in his 
relatives.

CONFLICT OF INTEREST
The authors state no conflict of interest.

AUTHOR CONTRIBUTIONS
KA, EP, and GNT drafted the manuscript. KA and EP de-
signed the study and the sequencing experiments, and co-
ordinated the study. KA, GP, and SK carried out the DNA 
extraction, sequencing and contributed to the analysis and 
interpretation of the variant data. GNT performed the bio-
informatics analysis. EP performed the Mismatch Repair 
(MMR) analysis by immunohistochemistry. GL provided 
the proband material, demographic data, family history, and 
management. GN conceived of the study, and participated in 
its design and coordination. All authors read and approved 
the final manuscript.

ORCID
Konstantinos Agiannitopoulos   https://orcid.
org/0000-0003-0432-3256 
Georgios N. Tsaousis   https://orcid.
org/0000-0002-8975-8779 

REFERENCES
Antoniou, A. C., Casadei, S., Heikkinen, T., Barrowdale, D., Pylkäs, 

K., Roberts, J., … Tischkowitz, M. (2014). Breast-cancer risk in 
families with mutations in PALB2. The New England Journal of 
Medicine, 371, 497–506. https://doi.org/10.1056/NEJMo a1400382

Caminsky, N. G., Mucaki, E. J., Perri, A. M., Lu, R., Knoll, J. H., & 
Rogan, P. K. (2016). Prioritizing variants in complete hereditary 
breast and ovarian cancer genes in patients lacking known BRCA 
mutations. Human Mutation, 37, 640–652. https://doi.org/10.1002/
humu.22972

Casadei, S., Norquist, B. M., Walsh, T., Stray, S., Mandell, J. B., Lee, 
M. K., … King, M. C. (2011). Contribution of inherited mutations 
in the BRCA2-interacting protein PALB2 to familial breast cancer. 

https://clinicaltrials.gov/
https://clinicaltrials.gov/
https://orcid.org/0000-0003-0432-3256
https://orcid.org/0000-0003-0432-3256
https://orcid.org/0000-0003-0432-3256
https://orcid.org/0000-0002-8975-8779
https://orcid.org/0000-0002-8975-8779
https://orcid.org/0000-0002-8975-8779
https://doi.org/10.1056/NEJMoa1400382
https://doi.org/10.1002/humu.22972
https://doi.org/10.1002/humu.22972


   | 5 of 5AGIANNITOPOULOS eT AL.

Cancer Research, 71:2222–2229. https://doi.org/10.1158/0008-
5472.CAN-10-3958.

Crawford, B., Adams, S. B., Sittler, T., van den Akker, J., Chan, S., 
Leitner, O., … van’t Veer, L. (2017). Multi-gene panel testing for 
hereditary cancer predisposition in unsolved high-risk breast and 
ovarian cancer patients. Breast Cancer Research and Treatment, 
163, 383–390. https://doi.org/10.1007/s1054 9-017-4181-0

Desmet, F. O., Hamroun, D., Lalande, M., Collod-Béroud, G., Claustres, 
M., & Béroud, C. (2009). Human splicing finder: An online bioin-
formatics tool to predict splicing signals. Nucleic Acids Research, 
37, e67. https://doi.org/10.1093/nar/gkp215

Dong, C., Wei, P., Jian, X., Gibbs, R., Boerwinkle, E., Wang, K., & Liu, 
X. (2015). Comparison and integration of deleteriousness predic-
tion methods for nonsynonymous SNVs in whole exome sequencing 
studies. Human Molecular Genetics, 24, 2125–2137. https://doi.
org/10.1093/hmg/ddu733

Erkko, H., Dowty, J. G., Nikkila, J., Syrjakoski, K., Mannermaa, A., 
Pylkas, K., … Hopper, J. L. (2008). Penetrance analysis of the 
PALB2 c.1592delT founder mutation. Clinical Cancer Research, 
14, 4667–4671. https://doi.org/10.1158/1078-0432.CCR-08-0210

LaDuca, H., Stuenkel, A. J., Dolinsky, J. S., Keiles, S., Tandy, S., 
Pesaran, T., … Chao, E. (2014). Utilization of multigene panels 
in hereditary cancer predisposition testing: Analysis of more than 
2,000 patients. Genetics in Medicine, 16, 830–837. https://doi.
org/10.1038/gim.2014.40

Martínez-Bouzas, C., Ojembarrena, E., Beristain, E., Errasti, J., 
Viguera, N., & Tejada Minguéz, M. I. (2007). High proportion of 
large genomic rearrangements in hMSH2 in hereditary nonpolyp-
osis colorectal cancer (HNPCC) families of the Basque Country. 
Cancer Letters, 255, 295–299.

Mateo, J., Lord, C. J., Serra, V., Tutt, A., Balmaña, J., Castroviejo-
Bermejo, M., … de Bono, J. S. (2019). A decade of clinical devel-
opment of PARP inhibitors in perspective. Annals of Oncology, 30, 
1437–1447. https://doi.org/10.1093/annon c/mdz192

Obermair, A., Youlden, D. R., Young, J. P., Lindor, N. M., Baron, J. 
A., Newcomb, P., … Jenkins, M. A. (2010). Risk of endometrial 
cancer for women diagnosed with HNPCC-related colorectal car-
cinoma. International Journal of Cancer, 127, 2678–2684. https://
doi.org/10.1002/ijc.25501

Ohmoto, A., & Yachida, S. (2017). Current status of poly(ADP-ri-
bose) polymerase inhibitors and future directions. OncoTargets and 
Therapy, 10, 5195–5208. https://doi.org/10.2147/OTT.S139336

O'Kane, G. M., Connor, A. A., & Gallinger, S. (2017). Characterization, 
detection, and treatment approaches for homologous recombination 
deficiency in cancer. Trends in Molecular Medicine, 23, 1121–1137. 
https://doi.org/10.1016/j.molmed.2017.10.007

Pilié, P. G., Gay, C. M., Byers, L. A., O'Connor, M. J., & Yap, T. A. 
(2019). PARP inhibitors: Extending Benefit Beyond BRCA-mutant 
cancers. Clinical Cancer Research, 25, 3759–3771. https://doi.
org/10.1158/1078-0432.CCR-18-0968

Rahman, N., Seal, S., Thompson, D., Kelly, P., Renwick, A., Elliott, 
A., … Stratton, M. R. (2007). PALB2, which encodes a BRCA2-
interacting protein, is a breast cancer susceptibility gene. Nature 
Genetics, 39, 165–167.

Reid, S., Schindler, D., Hanenberg, H., Barker, K., Hanks, S., Kalb, R., 
… Rahman, N. (2007). Biallelic mutations in PALB2 cause Fanconi 
anemia subtype FA-N and predispose to childhood cancer. Nature 
Genetics, 39, 162–164.

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., 
… Rehm, H. L. (2015). Standards and guidelines for the interpre-
tation of sequence variants: A joint consensus recommendation of 
the American College of Medical Genetics and Genomics and the 
Association for Molecular Pathology. Genetics in Medicine, 17, 
405–424. https://doi.org/10.1038/gim.2015.30

Romero, A., Garre, P., Valentin, O., Sanz, J., Pérez-Segura, P., Llovet, 
P., … Caldés, T. (2013). Frequency and variability of genomic rear-
rangements on MSH2 in Spanish Lynch Syndrome families. PLoS 
ONE, 8, e72195. https://doi.org/10.1371/journ al.pone.0072195

Shirts, B. H., Casadei, S., Jacobson, A. L., Lee, M. K., Gulsuner, S., 
Bennett, R. L., … Pritchard, C. C. (2016). Improving performance 
of multigene panels for genomic analysis of cancer predisposi-
tion. Genetics in Medicine, 18, 974–981. https://doi.org/10.1038/
gim.2015.212

Slavin, T. P., Niell-Swiller, M., Solomon, I., Nehoray, B., Rybak, C., 
Blazer, K. R., & Weitzel, J. N. (2015). Clinical application of mul-
tigene panels: challenges of next-generation counseling and can-
cer risk management. Frontiers in Oncology, 5, 208. https://doi.
org/10.3389/fonc.2015.00208

Susswein, L. R., Marshall, M. L., Nusbaum, R., Vogel Postula, K. J., 
Weissman, S. M., Yackowski, L., … Chung, W. K. (2016). Pathogenic 
and likely pathogenic variant prevalence among the first 10,000 pa-
tients referred for next-generation cancer panel testing. Genetics in 
Medicine, 18, 823–832. https://doi.org/10.1038/gim.2015.166

Tsaousis, G. N., Papadopoulou, E., Apessos, A., Agiannitopoulos, K., 
Pepe, G., Kampouri, S., … Nasioulas, G. (2019). Analysis of he-
reditary cancer syndromes by using a panel of genes: Novel and 
multiple pathogenic mutations. BMC Cancer, 19, 535. https://doi.
org/10.1186/s1288 5-019-5756-4

Walsh, T., Casadei, S., Lee, M. K., Pennil, C. C., Nord, A. S., Thornton, 
A. M., … Swisher, E. M. (2011). Mutations in 12 genes for inherited 
ovarian, fallopian tube, and peritoneal carcinoma identified by mas-
sively parallel sequencing. Proceedings of the National Academy of 
Sciences of the United States of America, 108:18032–18037. https://
doi.org/10.1073/pnas.11150 52108.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Agiannitopoulos K, 
Papadopoulou E, Tsaousis GN, et al. Report of a 
germline double heterozygote in MSH2 and PALB2. 
Mol Genet Genomic Med. 2020;8:e1242. https://doi.
org/10.1002/mgg3.1242

https://doi.org/10.1158/0008-5472.CAN-10-3958
https://doi.org/10.1158/0008-5472.CAN-10-3958
https://doi.org/10.1007/s10549-017-4181-0
https://doi.org/10.1093/nar/gkp215
https://doi.org/10.1093/hmg/ddu733
https://doi.org/10.1093/hmg/ddu733
https://doi.org/10.1158/1078-0432.CCR-08-0210
https://doi.org/10.1038/gim.2014.40
https://doi.org/10.1038/gim.2014.40
https://doi.org/10.1093/annonc/mdz192
https://doi.org/10.1002/ijc.25501
https://doi.org/10.1002/ijc.25501
https://doi.org/10.2147/OTT.S139336
https://doi.org/10.1016/j.molmed.2017.10.007
https://doi.org/10.1158/1078-0432.CCR-18-0968
https://doi.org/10.1158/1078-0432.CCR-18-0968
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1371/journal.pone.0072195
https://doi.org/10.1038/gim.2015.212
https://doi.org/10.1038/gim.2015.212
https://doi.org/10.3389/fonc.2015.00208
https://doi.org/10.3389/fonc.2015.00208
https://doi.org/10.1038/gim.2015.166
https://doi.org/10.1186/s12885-019-5756-4
https://doi.org/10.1186/s12885-019-5756-4
https://doi.org/10.1073/pnas.1115052108
https://doi.org/10.1073/pnas.1115052108
https://doi.org/10.1002/mgg3.1242
https://doi.org/10.1002/mgg3.1242

