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Abstract
Background: Childhood cancer is one of the primary causes of disease-related 
death in 5-  to 14-year-old children and currently no prevention strategies exist 
to reduce the incidence of this disease. Childhood cancer has a larger heredi-
tary component compared with cancer in adults. Few genetic studies have been 
conducted on children with cancer. Additionally, Latin American populations 
are underrepresented in genomic studies compared with other populations. 
Therefore, the aim of this study is to analyze germline mutations in a group of 
mixed-ancestry Mexican pediatric patients with solid and hematological cancers.
Methods: We analyzed genetic variants from 40 Mexican childhood cancer pa-
tients and their relatives. DNA from saliva or blood samples was used for whole-
exome sequencing. All variants were identified following GATK best practices.
Results: We found that six patients (15%) were carriers of germline mutations 
in CDKN2A, CHEK2, DICER1, FANCA, MSH6, MUTYH, NF1, and SBDS can-
cer predisposition genes, and additional new variants predicted to be deleterious 
by in silico algorithms. A population genetics analysis detected five components 
consistent with the demographic models assumed for modern mixed-ancestry 
Mexicans.
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1   |   INTRODUCTION

Childhood cancer is the leading cause of death by dis-
ease in 5- to 14-year-old children, and thus far, no pre-
vention strategies have been identified. The global 
incidence of childhood cancer has increased by 1% per 
year (Steliarova-Foucher et  al.,  2017). However, con-
siderable variations in incidence by age, sex, and geo-
graphic regions have been reported by The International 
Agency for Research on Cancer (IACR). Racial and eth-
nic disparities in survival rates have also been reported, 
mainly associated with socioeconomic status and access 
to medical care. That said, the impact of genetic differ-
ences between populations cannot be ruled out and has 
not been well addressed (Bhatia,  2011). High-income 
countries (HICs) have improved their survival rates in 
the last decades, reporting disease-free survival (DFS) 
in 80% of patients 5 years after diagnosis. Nevertheless, 
children with cancer that reside in low-  and middle-
income countries (LMICs), have lower estimates of 
overall survival (OS) (Bhakta et  al.,  2019). In Mexico, 
despite efforts to improve the diagnosis and treatment 
of childhood cancer, survival rates remain low (67%) 
(Rivera-Luna et al., 2017).

Previous authors have proposed that childhood cancer 
has a larger hereditary component than cancer in adults 
(Capasso et  al.,  2020; Sweet-Cordero & Biegel,  2019). It 
has been reported that the risk of childhood cancer in 
families with cases of pediatric cancer increases by 48% in 
first-degree relatives, compared with the general popula-
tion of Sweden, which cannot be explained by currently 
known cancer predisposition germline variants (Stjernfelt 
et al., 2020). Additionally, previous studies have reported 
different cancer incidence rates between populations 
(Colton et al., 2018; Walsh et al., 2014). Few genetic stud-
ies have been performed on children with cancer. In 2015, 
Zhang et al. reported that 8.5% of patients under 20 years 
were positive for a germline mutation, in comparation to 
the control group (1%); interestingly, 60% of carriers did not 
report a history of family cancer (Zhang et al., 2016). Pan-
cancer analysis reported a similar percentage (7.6%) of mu-
tations in MSH2, MSH6, PMS2, TP53, BRCA2, and CHEK2 

(Gröbner et al., 2018). Germline sequencing in 1201 indi-
viduals performed by Staler and colleagues showed that 
21% of patients with early onset cancer had an inherited 
genetic mutation, compared with 13% of young adults 
with tumors (Staler et al., 2020). The highest percentage of 
germline mutations in childhood cancer was reported by 
Oberg et al. (2016), where 14% of the children were carriers 
of a mutation in a cancer predisposition gene.

Despite this, the implications of genetic variants in 
childhood cancer remain unclear, and not all popula-
tions—such as mixed-ancestry Mexicans—have been in-
cluded. It is crucial to elucidate the role of genetic variants 
in the development of childhood cancer, and their allele 
frequencies, to establish the basis of the causes of child-
hood cancer, cancer risk reduction strategies, surveillance, 
and treatment. The present study aims to assess the genes, 
alleles, and their frequencies, involved in childhood can-
cer predisposition in a group of pediatric cancer patients 
with mixed-ancestry Mexican.

2   |   MATERIALS AND METHODS

2.1  |  Patient recruitment

This work was performed in collaboration with the 
Hospital Infantil de Mexico “Federico Gomez.” Patients 
were recruited from 2011 to 2016. The eligibility criteria 
for inclusion in the study were (a) confirmed diagnosis of 
a childhood malignancy and (b) age less than 18 years at 
diagnosis. A family history of cancer was not an inclusion 
or exclusion criterion. All samples were collected after 
obtaining informed consent. Clinical information was 
obtained through the review of medical records or phone 
calls to parents.

2.2  |  Blood and saliva samples

Blood samples were drawn according to best practices in 
phlebotomy. Saliva samples were collected with Oragene 
DNA (DNAgenotek) following the kit instructions.

Odontologia; Programa de Maestria 
y Doctorado en Ciencias Medicas, 
Odontologicas y de la Salud, UNAM; 
“Aqui nadie se rinde, ANSER (I.A.P); 
Max Planck Institute for Evolutionary 
Anthropology (MPI-EVA)

Conclusions: This report identifies potential genetic risk factors and provides a 
better understanding of the underlying mechanisms of childhood cancer in this 
population.
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2.3  |  DNA isolation and QC

Genomic DNA (DNAg) was purified of buffy coats of blood 
with Puregene Blood Kits (Qiagen). Whole saliva was pu-
rified with Gentra PureGene Blood kits (Qiagen). Tissue 
was purified with DNeasy Blood & Tissue Kits (Qiagen). 
All followed the manufacturer's protocols.

DNAg was quantified with Qubit dsDNA HS assay (Life 
Technologies) and its integrity was confirmed with agarose 
gels stained with GelRed (Biotium).

2.4  |  Whole-exome sequencing and 
bioinformatic pipeline

Library preparation and subsequent whole-exome sequenc-
ing were performed at the Broad's Institute of Massachusetts 
Institute of Technology (MIT) and Harvard or at Instituto 
Nacional de Medicina Genomica, INMEGEN, follow-
ing the previously described protocols (Melendez-Zajgla 
et al., 2018).

2.5  |  Bioinformatics pipeline

The variant calling of germline genetic variants 
was done using a Genome Analysis Toolkit (GATK) 
HaplotypeCaller (HC) pipeline (version 4.1.7.0.) accord-
ing to the GATK Best Practices (Poplin et al., 2018). A 
total of 572 most prevalent cancer predisposition genes 
in pediatric patients were selected for variant call-
ing analysis. We merged the list of genes included in 
the Zhang et al. 2015 study (565 genes) with the genes 
analyzed in two commercial panels for cancer predis-
position in children, Blueprint Genetics (71 genes) and 
USCF pediatrics panel (198), excluding all repeated 
genes. The merged list with 572 genes was included in 
a new BED file for variant calling analysis. After vari-
ant recalibration (Variant Quality Score Recalibration, 
VQSR), all VCF files were annotated with Variant Effect 
Predictor, VEP online tool (McLaren et  al., 2016). All 
variants with clinical significance were filtered with a 
standardized tier approach following the recommenda-
tions of ACMG-CAP guidelines (Nykamp et  al.,  2017). 
In brief, variants were excluded from the analysis if they 
were: (1) Minor Allele Frequency (MAF) >1% using 
the genome aggregation (gnomAD) and 1000 genome 
(AMF population) databases, (2) classified as “low im-
pact,” (3) without HGVSc nomenclature, (4) classified 
as benign in ClinVar, (5) variants with conflicting inter-
pretations of pathogenicity, and (6) all nonpathogenic 
variants found in more than one unrelated individual. 

All pathogenic or likely pathogenic variants were manu-
ally checked with the aid of the Integrative Genomics 
Viewer, IGV (v 2.16.0).

2.6  |  Validation of germline variants

We confirmed pathogenic or likely pathogenic germline 
variants in patients with available DNA purified from the 
tumor tissue and compared both germline and matched 
tumor samples with variant allele frequencies.

2.7  |  Estimation of relatedness and sex 
determination

We confirmed the sex and kinship status of all cases (mu-
tation carriers) and controls (no mutation carriers) studied 
by pairing the genome-wide data with the clinical records 
data (Alexander & Lange, 2016; Schiffels, 2018). We used 
Sex.DetERRmine v. 1.1.2 to determine the genetic sex of our 
samples, calculating the relative coverage of X and Y chro-
mosomes and their associated error bars (Lamnidis, 2020b). 
To assess the genetic kinship among the samples in both 
our data sets, we used the pairwise mismatch ratio statis-
tics to assign twin/same sample (>87.5% of the median 
shared single nucleotide polymorphisms [SNPs]), first-
degree (>75%), and second-degree (>50%) relationships 
(Lamnidis, 2020a). We used samtools mpileup (parameters 
–q 30 –Q 30 –B) to generate a pileup file from the merged 
sequence data of each individual, and used a custom script 
(pileupCaller ver. 8.6.5) to genotype the individuals, using 
a pseudo-haploid random draw approach (Schiffels, 2018). 
For each SNP position on a reference population genet-
ics panel (the so-called 1240K panel), a random read was 
drawn for each individual and the allele of that read was 
assumed to be the homozygous genotype of the individual 
at that position (Mathieson et al., 2015).

2.8  |  Inheritance of cancer 
susceptibility and risk assessment

Information on familial cancer diagnoses and age of 
onset in first- and second-degree relatives were obtained 
through a review of medical records or patient interviews 
for subsequent family tree construction with Progeny's 
Free Online Pedigree Tool Application  (Progeny's Free 
Online Pedigree Tool Application). The genetic predispo-
sition risk assessment for patients was performed using 
the questionnaire developed by Marjolijn C.J. Jongmans 
(Jongmans et al., 2016).
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2.9  |  Population genetics analysis

To validate our results in the context of the genetic demog-
raphy of present-day mixed-ancestry Mexicans, quality 
control (QC) and population genetics analyses were car-
ried out. In order to compare our genotypes with available 
data from the assumed parental populations, our SNPs 
were merged into approximately 600,000 SNPs of the 
Human Origins dataset (Patterson et al., 2012). We then 
used a set of ancestral populations from five continental 
regions to estimate admixture proportions in our mixed 
ancestry sample groups. We included Huichol (Raghavan 
et  al.,  2015), Mayan, Karitiana (Bergström et  al.,  2020), 
and Mixtec (Lazaridis et  al.,  2014) as part of a genetic 
pool to assess the Native American contribution to our 
samples. The African component was estimated by using 
the genetic data of individuals from Yoruba (Bergström 
et  al.,  2020; Patterson et  al.,  2012), Esan, Mende, and 
Luo (Lazaridis et  al.,  2014) groups. Spanish (Biagini 
et al., 2019; Lazaridis et al., 2014) and French (Bergström 
et al., 2020; Lazaridis et al., 2014) were used to model the 
European genetic contribution. The East Asian genetic 
contribution consisted of Han and Cambodian (Patterson 
et al., 2012); and the near Oceania was estimated with gen-
otypes from Papuan (Patterson et al., 2012). We then used 
ADMIXTURE (Alexander & Lange, 2016) and Admixture 
Plotter (Lamnidis,  2019) to calculate the best K for our 
model (i.e., the one with the lowest cross-validation error) 
and to calculate the admixture proportions of the compo-
nents that are maximized in each of the parental popula-
tions modeled.

3   |   RESULTS

3.1  |  Patients

From 2011 to 2016, a cohort of 40 cases with pediatric can-
cer were included for sequencing analysis. The index cases 
were grouped in trios (mother and father), duos (mother, 
father, or two siblings), or only the index case (Figure 1). 
The genetic relationships of index cases grouped in duos 

or trios were validated through the pairwise mismatch 
rates which confirmed the genetic kinship among the par-
ticipants of the study (Data S1).

The mean age of childhood cancer patients at the time 
of diagnosis was 6.4 ± 4.91 years (mean ± SD).

Our cohort included more patients with solid tumors 
(75% solid tumors vs. 25% leukemia or lymphoma), with 
hepatoblastoma (n = 12) being the most common tumor 
type (Table  1), followed by lymphoid leukemias (n = 9) 
and ependymomas (n = 5). Only two patients presented 
with recurrent disease. Additionally, 82.5% of patients 
received chemotherapy and 37.5% received radiotherapy. 
The review of medical records confirmed a 77% overall 5-
year survival rate.

3.2  |  Frequency of germline 
mutations in childhood cancer 
patients and their relatives

After preprocessing the data, the QC metrics of the recali-
brated BAM files were obtained with the CollectHsMetrics 
tool (Picard-tools v 1.110). A total of 72 BAM files passed 
the QC metrics. The average of “on target bases” was 
174,662,570 bases, of which, the mean fraction of bases 
achieving ≥10× of depth sequencing was 0.86 and was suf-
ficient for genotyping accuracy (Roy et  al.,  2018). Three 
BAM files were excluded from variant calling due to very 
low-aligned bases (Data S2).

Within the 572 genes used for variant filtering, we 
identified a total of 91,961 processed and annotated ge-
netic variants in all index cases (a mean of 2312 variants 
per index, Figure 2a), 56.42% of them were synonymous 
variants, followed by 39% of missense, 1.41% of frame-
shift, 1.3% of stop-gained variants and 1.19% of inframe 
deletions or insertions (Figure 2b). The percentage of re-
tained variants per filter level is shown in Figure 2c.

We identified 9 pathogenic/likely pathogenic germline 
mutations in cancer predisposition genes in 6/40 index 
cases (Table  2 and Data  S3). Two coexisting mutations 
were detected in three patients: one of them (Family 2, 
III-1) carrying both a homozygous autosomal-dominant 
(CDKN2A) and heterozygous autosomal-recessive 
(MUTYH) mutation. Only two patients had a hetero-
zygous mutation in genes associated with autosomal-
recessive cancer syndromes, FANCA (Family 5, III-1), and 
SBDS (Family 4, III-1).

Additionally, we found that two patients were carri-
ers of a different pathogenic mutation in ABCA4, which 
has been associated with eye diseases such as cone-rod 
dystrophy, Stargardt macular degeneration, and retinitis 
pigmentosa. We also identified two candidate nonsense 
variants in HRAS and FANCL that have not been reported 

F I G U R E  1   Schematic grouping of a childhood cancer patient's 
cohort that met all inclusion criteria and quality controls.
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in clinical or population databases, the last one, coexisting 
with an ABCA4 pathogenic mutation (Tables S1 and S2).

3.3  |  Validation of germline mutations

We validated five pathogenic or likely pathogenic germline 
variants in three patients (Data S3). In individual III-1 of 
family 2 with osteosarcoma, the c.928C>T (p.Gln310Ter) 
mutation in MUTYH was found to be heterozygous in 
both tumoral and germline DNA, while the c.146T>C 
(p.Ile49Thr) in CDKN2A was found to be homozygous in 
the germline DNA.

In individual III-2 of family 3, the double hit of 
c.5017dup (p.Ile1673fs) mutation in DICER1 was con-
firmed through the analysis of the tumor sample. On the 

T A B L E  1   Demographic and clinical characteristics of 
childhood cancer patients.

n = 40 Frequency %

Gender

Female 24 60.0

Male 16 40.0

Age at diagnosis (years)

Mean (range) ± SD 6.5 (0–17) ±4.91

Tumor type (International Classification of Childhood 
Cancer, Third edition)

n = 40 Frequency %

Hepatic tumors 13 32.5

Hepatoblastoma 12

Hepatic carcinoma 1

Leukemias, myeloproliferative 
diseases, and myelodysplastic 
diseases

9 22.5

Lymphoid leukemias 9

CNS and miscellaneous 
intracranial and intraspinal 
neoplasms

8 20.0

Ependymomas and choroid 
plexus tumor

5

Intracranial and intraspinal 
embryonal tumors

3

Malignant bone tumors 5 12.5

Osteosarcomas 4

Other specified intracranial 
and intraspinal neoplasms 
(Giant cell tumor of the 
spine)

1

Lymphomas and 
reticuloendothelial neoplasms

1 2.5

Hodgkin lymphomas 1

Renal tumors 2 5.0

Nephroblastoma and other 
nonepithelial renal tumors

2

Soft tissue and other extraosseous 
sarcomas

1 2.5

Fibrosarcoma, peripheral nerve 
sheath tumors, and other 
fibrous neoplasms

1

Germ cell tumors, trophoblastic 
tumors, and neoplasms of 
gonads

1 2.5

Pathological background

n = 40 Frequency %

None 26 65.0

Pox 8 20.0

(Continues)

n = 40 Frequency %

Measles 1 2.5

No data available 4 12.5

Clinical data

n = 40 Frequency %

Status at diagnosis

First-time diagnosis 38 95.0

Relapse 2 5.0

Previous treatment

Yes 27 67.5

No 10 25.0

Not confirmed 3 7.5

Familial history of cancer (<45 years)

Yes 14 35

No 26 65

Metastasis (only solid tumors, n = 30)

Yes 14 46.7

No 12 40.0

Not confirmed 4 10.3

Chemotherapy

Yes 33 82.5

No 4 10.0

No data 3 7.5

Radiotherapy

No 21 52.5

Yes 15 37.5

No data 4 10.0

Status

Surveillance 19 47.5

Death 10 25.0

Data not available 11 27.5

T A B L E  1   (Continued)
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other hand, the additional coexisting c.707T>C (p.Leu-
236Pro) mutation in CHEK2 was confirmed to be hetero-
zygous in the tumor.

Finally, in individual III-1 of family 5, the double hit 
of the c.2639G>A (p.Arg880Gln) in FANCA was not con-
firmed through the matched tumor sample.

3.4  |  Family history of 
cancer and suspicion criteria for cancer 
predisposition syndromes

A family history of cancer and the age at diagnosis are 
two of the main criteria to suspect a cancer predisposition 
syndrome in adults, in children, the young age of rela-
tives, incomplete information on family history, de novo 

mutations, and incomplete penetrance may complicate 
the identification of individuals at high-risk for cancer. In 
our cohort, 25/40 patients (62.5%) reported a family his-
tory of cancer, and 14/25 (56%) had at least one relative 
with cancer diagnosed before the age of 45 (Table 3). Only 
one patient with leukemia had congenital anomalies as-
sociated with Down syndrome and two patients developed 
a secondary neoplasm (Family 3, III-2 with ovarian fibro-
sarcoma/contralateral ovarian granulose cell tumor, and 
Family 4, III-1 with Hodgkin lymphoma/Ewing sarcoma).

The Marjolijn C.J. Jongmans selection tool was used to 
assess cancer predisposition risk in the patients included 
in the study. We confirmed that 30% of all index cases 
(12/40) met at least one criterion and 7.5% (3/40) met two 
criteria (Table S3). Six patients carrying a pathogenic or 
likely pathogenic mutation in cancer predisposition genes 

F I G U R E  2   Statistics of variants annotated with VEP. (a) Mean of processed, novel, and existing output variants; (b) Types of mutations 
in coding regions and percentage. (c) Percentage of retained variants in each filter level.
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were identified by the tool (Data S4). However, no muta-
tions were identified in the remaining nine patients who 
met at least one criterion. These results show a promising 
use of the Marjolijn tool as a screening tool for children 
with cancer who may benefit from genetic counseling and 
subsequent genetic testing.

3.5  |  Estimation of ancestry admixture 
proportions

We were able to detect five components in both the cases 
and the paired controls (Data  S5) that were consistent 
with the demographic models assumed for present-day 
mixed-ancestry Mexicans (Barquera et  al.,  2020; Price 
et al., 2007; Ruiz-Linares et al., 2014; Wang et al., 2007; 
Zúñiga et al., 2013). The best K for our admixture model 
was K = 5 (lowest CV error = 0.43606). For cases and con-
trols, we detected a component maximized in Native 
Americans as the most prominent one (74.11% ± 15.72% 
vs. 68.54% ± 19.73%, respectively) followed by a com-
ponent maximized in Europeans (22.29% ± 14.65% vs. 
27.49% ± 18.50%, respectively). The component maxi-
mized in Africans (1.55% ± 2.90% vs. 1.23% ± 2.50%, re-
spectively), East Asians (1.71% ± 2.07% vs. 1.95% ± 1.92%, 
respectively), and Near Oceanians (0.32% ± 0.69% vs. 
0.78% ± 1.86%, respectively), although not that promi-
nently, could also be detected, and especially that maxi-
mized in Africans showed a large variation, ranging from 
0.00% to 12.85%. The cases and control groups did not dif-
fer significantly in any of the five ancestral components 
found for our model, but it is important to note that power 
was limited due to the sample size.

4   |   DISCUSSION

The current study describes the frequency of germline 
mutations in cancer-predisposing genes in a cohort of 
mixed-ancestry Mexican pediatric cancer patients. We an-
alyzed 40 pediatric cancer patients and identified at least 

one germline mutation in cancer predisposition genes in 
six patients (15%). Forty variants of uncertain significance 
in cancer predisposition genes were identified in 32 index 
cases and 35% of these variants were predicted to be del-
eterious by two in silico algorithms. Additional charac-
terization and follow-up are needed to confirm the role of 
these variants in cancer predisposition or to make changes 
in their clinical classification (Moghadasi et  al.,  2016; 
Nykamp et al., 2017).

In our cohort, we observed two mutations that are 
convincingly associated with cancer predisposition in 
children. The first, a DICER1 c.5017dup (p.Ile1673fs) 
truncation mutation with an accompanying mutation 
in CHEK2 c.707T>C (p.Leu236Pro) in the individual 
III-2 of family 3 with ovarian fibrosarcoma diagnosis. 
DICER1 pathogenic variants are associated with the au-
tosomal dominant DICER1 syndrome. CHEK2 c.707T>C 
(p.Leu236Pro) has been found to be prevalent in popula-
tions of Latin American backgrounds with a maximum 
subpopulation frequency of 0.25% in gnomAD (Genome 
Aggregation Database). However, an in  vivo functional 
study in yeast suggests a deleterious effect (Delimitsou 
et al., 2019). Despite its high prevalence in populations of 
Latin American backgrounds, one study of women from 
Latin America found that this variant is associated with an 
increased risk of developing breast cancer in this popula-
tion, suggesting that this may be a founder variant (Weitzel 
et al., 2019). In pediatric populations, mutations in CHEK2 
have been found in children affected with acute lympho-
blastic leukemia (Douglas et al., 2022) and Wilms tumor 
(Gadd et al., 2017). This female patient was diagnosed at 
9 years old and developed a secondary tumor at 11 years 
old (Granulosa cell tumor). Her 13-year-old brother was 
diagnosed with Wilms tumor and a parental cousin was 
diagnosed with an ovary tumor. The DICER1 and CHEK2 
mutations were validated in the patient; however, the 
family did not accept the genetic testing for DICER1 or 
CHEK2. Additional information on the CHEK2 c.707T>C 
(p.Leu236Pro) variant in mixed-ancestry Mexican individ-
uals is necessary to confirm its role in cancer predisposi-
tion in children from this genetic background.

Frequency %

Index case with family history of cancer n = 25

Relatives with cancer before 18 years of age 4 16.0

Relatives with cancer between 18 and 45 years of age 10 40.0

Relatives with cancer after 45 years 7 28.0

>2 first or second-degree relatives of the same family side with 
cancer before <45 years of age

1 4.0

Any relative with >2 tumors 1 4.0

Diagnosis and age unable to be confirmed 2 8.0

T A B L E  3   Family history of cancer.
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The second mutation that is convincingly associated 
with cancer predisposition in children was found in NF1 
in a 16-year-old female patient (family 1, III-1) diagnosed 
with a spine giant cell tumor. The patient also harbored 
the MSH6 mutation c.114del (p.Ala40fs). Her brother 
(family 1, III-2) was also diagnosed with osteosarcoma 
1 year later, and interestingly, they shared the same mu-
tation in MSH6 c.114del (p.Ala40fs), but not NF1 muta-
tion c.2953C>T (p.Gln985Ter). NF1 mutations have been 
reported in children with cancer, primarily those with 
brain and Central Nervous System (CNS) tumors and are 
less frequent in bone and soft sarcomas, peripheral nerve 
sheath tumors, leukemias, and myelodysplastic syndrome 
(Patil & Chamberlain, 2012; Peltonen et al., 2019). Three 
case reports showed individuals with spinal neurofibro-
matosis and NF1 mutations (Carman et  al.,  2013; Ning 
et  al.,  2020), one of them without café-au-lait macules 
(Kaufmann et  al.,  2001). Unfortunately, clinical evalua-
tions and tumor sample validation could not be performed 
because contact with the patient was lost.

Mutations in DNA repair genes have been recur-
rently observed in children and adolescents with cancer. 
However, some have also been observed in the general pop-
ulation and their presence in a childhood cancer patient 
may represent a random noncausal co-occurrence (Kratz 
et al., 2022). The pathogenic variant c.114del (p.Ala40fs) 
in MSH6 identified by both siblings (family 1, III-1 and 
III-2) has not been observed in the general population so, 
the implications in cancer predisposition in these patients 
could be uncertain.

We observed osteosarcoma in a 14-year-old girl (fam-
ily 2, III-1) with two coexisting mutations confirmed in 
the tumor: one homozygous in CDKN2A and one hetero-
zygous mutation in MUTYH; two genes typically associ-
ated with adult-onset tumors. Variation in these genes 
has not been well studied in childhood cancer and these 
findings highlight the unexpected pleiotropy of even well-
characterized cancer predisposition genes. To date, the 
mutation c.146T>C (p.Ile49Thr) in CDKN2A has been 
reported in 0.44% of Latino control individuals in the 
gnomAD database; that is approximately 15-fold of the 
estimated maximal expected allele frequency for a patho-
genic variant in CDKN2A causing Cutaneous Malignant 
Melanoma phenotype. This suggests that the variant could 
be a benign polymorphism found primarily in populations 
of Latino origin (Puig et al., 2016). Interestingly, none of 
the carriers reported by gnomAD were homozygous and 
we cannot exclude a possible additive effect along with a 
heterozygous MUTYH variant.

We found a heterozygous FANCA mutation in the in-
dividual III-1 of family 5 who had a diagnosis of hepato-
blastoma which was further confirmed through the tumor 
tissue analysis. Biallelic mutations in FANCA cause Fanconi 

anemia and increase cancer risk, mainly acute myeloid leu-
kemia, but other phenotypes have also been observed (Del 
Valle et al., 2020; Tischkowitz & Hodgson, 2003). Despite 
the evidence supporting the hypothesis that monoallelic 
mutations confer an increased risk of cancer for adult car-
riers, more recent studies have shown that heterozygous 
variants affecting recessive genes can also increase the risk 
of predisposition to pediatric cancer, particularly in genes 
involved in DNA damage recognition and repair where 
modest reduction in the DNA repair efficiency could lead 
to tumor development (Savary et al., 2020). In fact, a recent 
case series study with 30 children with hepatoblastoma, 
found a 15-month-old girl with a germline heterozygous 
variant in FANCA. The patient presented craniofacial dys-
morphisms, nail dysplasia, and developmental delays. The 
variant was classified as being of uncertain significance 
(Aguiar et al., 2022). Another study by St. Jude Children's 
Research Hospital also reported variants of FANCA in 
hepatoblastoma patients (Newman et  al.,  2021). The au-
thors concluded that further validation in other cohorts can 
provide insights into the contribution of DNA repair genes 
in this hepatic tumor.

Another heterozygous variant in an autosomal recessive 
gene was found in a 5-year-old male patient with Ewing 
sarcoma, who developed Hodgkin Lymphoma 2 years later. 
We identified a mutation in SDBS (c.184A>T (p.Lys62Ter). 
Biallelic mutations in SBDS have been associated with 
Shwachman-Diamond syndrome. Patients with this disor-
der are at an increased risk of developing Acute Myeloblastic 
Leukemia and Myelodysplastic syndrome (MSD) (Dokal & 
Vulliamy, 2008). Mutations in SDBS have also been identi-
fied in refractory cytopenia, neutropenia, and aplastic ane-
mia in a monoallelic context (Calado et  al.,  2007; Karow 
et al., 2010; Rother et al., 2021). SDBS mutations have not 
been associated with Ewing Sarcoma. That said, Sharma 
et  al. reported two patients with Schwachman-Diamond 
syndrome who developed adult-onset lymphoma (Sharma 
et al., 2014; Verbrugge & Tulchinsky, 2012). The available 
clinical information for this patient did not report any he-
matological disease. However, tumor sequencing would be 
helpful to confirm the double-hit mutation.

We found three additional germline frameshift and 
nonsense variants in cancer-associated genes in three pa-
tients. Although they were not fully characterized, in sil-
ico mutation prediction suggests that these variants could 
impact protein structure and function (Table  S4). One 
of them (FANCL) coexists with a pathogenic mutation 
in ABCD4. Interestingly, the patient was diagnosed with 
Acute Lymphoblastic Leukemia at 9 years old and has two 
relatives also diagnosed with cancer: his great-aunt, di-
agnosed with leukemia (unknown age at diagnosis), and 
a 38-year-old cousin whose diagnosis could not be con-
firmed by the relative.
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Two patients were carriers of ABCD4 pathogenic mu-
tations which are associated with eye diseases. There are 
two case reports of children with retinoblastoma who 
were diagnosed with Stargardt disease (one of them, bi-
lateral), showing a probable contribution of this gene 
to the development of cancer. This requires further ex-
ploration (Margalit et al., 2003; Steinmetz et al., 1991). 
The variant c.2453G>A (p.Gly818Glu) in ABCD4 is 
reported to have a higher allele frequency in a mixed-
ancestry American population than in other popula-
tions (53 of 54 total alleles). One study performed in a 
cohort of 31 unrelated Mexican subjects with Stargardt 
disease found that six patients were carriers of the gen-
otype c.2453G>A (p.Gly818Glu). Five of these patients 
were heterozygous and one was homozygous (Chacón-
Camacho et  al.,  2013). After a medical records review, 
we confirmed that neither of the two carriers of ABCD4 
mutations presented ophthalmological conditions of 
Stargardt disease.

Forty variants of uncertain significance in cancer pre-
disposition genes were identified in 32 index cases. Most 
of them were inherited from the father, mother, or both 
(Data S6) as opposed to a de novo origin. In silico algo-
rithms predicted 35% of these variants to be deleterious. 
Additional characterization and follow-up are needed to 
confirm their role in cancer predisposition (Moghadasi 
et al., 2016; Nykamp et al., 2017).

Despite our results confirming a strong family history 
of cancer, only one patient with hepatoblastoma was re-
ferred for genetic counseling with clinical suspicion of 
Beckwith-Wiedemann syndrome. This information is vital 
for early detection of children with probable predisposi-
tion to cancer syndromes. However, in daily clinical prac-
tice, underlying syndromes and positive family histories 
are easily missed (Lu et al., 2014; Oncology, 2003; Wood 
et  al.,  2014). The Marjolijn C.J. Jongmans tool can be a 
very valuable option to help pediatric oncologists identify 
children with cancer with a high risk of carrying cancer 
predisposition genetic mutations (Data S4).

A critical aspect of quality control in trio or duo se-
quencing approaches is to ensure that each sequenced 
DNA sample originated from the expected individual, to 
avoid genetic misdiagnosis due to contamination, misla-
beling, or sample swapping (Pedersen & Quinlan, 2017). 
Interestingly, after sex determination and verifying the 
family relationship, we confirmed second-grade consan-
guinity in the parents of one index case with SBDS mu-
tation. This finding supports the importance of asking 
and/or confirming family relationships among parents 
of childhood cancer patients (Bittles,  2001; Jastaniah 
et al., 2018; Kakaje et al., 2020).

Populations of Latin American genetic backgrounds 
are poorly characterized since most of the genetic variant 

characterizations or exploratory studies have been con-
ducted predominantly in populations of European de-
scent (Popejoy & Fullerton, 2016). Our results show that 
the most prominent component of ancestry admixture 
proportions is maximized in Native Americans, which 
can be backed up by the patient's place of birth (mainly 
Mexico City, State of Mexico, and Puebla). An important 
notion emerging from this study is that additional efforts 
are needed to overcome the underrepresentation of Latin 
American and Indigenous American patients in genetic 
studies, which further strengthens the disparities of high 
incidence, recurrence, and lower survival rates reported 
in Latin American countries such as Mexico.

This study has some limitations. First, not all cancer 
subtypes were included and our cohort included a greater 
proportion of hepatoblastoma than other types of pediatric 
tumors. Second, not all index cases were grouped and the 
origin of the variants could not be confirmed in all patients. 
Third, although up to 85% of relevant clinical variants are 
found in coding regions, increasing evidence and charac-
terization of intronic variants support the importance of 
performing more comprehensive sequencing. Last, the 
number of samples was limited, and therefore a clear cor-
relation with ancestry could not be properly assessed.

Although this cohort is not representative of all 
Mexican pediatric cancer patients, this study represents 
the first effort to describe the frequencies of predispos-
ing cancer genes in Mexican patients. The expected fre-
quencies were higher than in previous reports (Gröbner 
et al., 2018; Oberg et al., 2016; Zhang et al., 2016). That 
said, a sampling bias cannot be disregarded given that 
most carriers were diagnosed with sarcomas and these 
tumors have a strong association with hereditary cancer 
syndromes (Chan et al., 2017; Farid & Ngeow, 2016).

5   |   CONCLUSIONS

Germline predisposition gene mutations were found in 
15% of mixed-ancestry Mexican children with cancer, but 
the confirmation of pathogenicity of additional VUS or 
candidate variants could increase the percentage of indi-
viduals with germline mutations.

Population genetic analysis confirmed a population 
of modern mixed-ancestry Mexicans that have not been 
included in other reports; its exploration could explain 
the disparities reported in our country. The Jongmans 
Marjolijn selection tool could be a good option for the 
identification of childhood cancer patients with underly-
ing cancer syndromes.

The identification of mutation carriers could lead to an 
earlier diagnosis, since in Mexico, most childhood cancer 
diagnoses are made at advanced stages.
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Further efforts are needed to assess the impact of 
genetic variants in populations of ancestries that are 
currently underresearched in the medical literature and 
unreported in population databases, including more 
mixed-ancestry Mexican children with cancer in trio 
aggrupation to confirm whether variants are new or 
segregated with a cancer phenotype among family mem-
bers; additional cancer subtypes adjusting for the distri-
bution reported in Mexico; the recruitment of patients 
should include individuals from the majority states of 
the country since Mexico has a large genetic diversity 
(Silva-Zolezzi et al., 2009); and finally, the evaluation of 
environmental factors and their interaction with genetic 
variants.
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