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The repertoire of germline variants in patients with

early-onset rectal cancer

Dear Editor,

The incidence of rectal cancer has increased in patients
younger than 50 years old during the last decade. It is well
established that young age at cancer onset is a hallmark
of hereditary cancer. The prevalence of germline variants
among early-onset rectal cancer (EORC) patients is largely
unexplored. Here, we aimed to determine the spectrum
of germline variants and their clinical impact in EORC
patients diagnosed at age 40 or younger. We investigated
71 EORC patients (Supplementary Table S1), one of the
largest cohorts to date, using a customized panel with 93
genes (Supplementary Table S2). A detailed description of
the methods is provided as Supplementary Material.

We identified 94 germline variants in 52 of our
patients (Figure 1A, Supplementary Table S3). Twenty-
three patients presented 20 pathogenic (P) and/or eight
likely pathogenic (LP) variants. High- and moderate-
penetrance genes comprised most of these P/LP variants,
mainly MSH2 (n = 5), MUTYH (n = 5), ATM (n = 5), and
APC (n =2) (Supplementary Figure S1). A family history of
cancer was found in 56 of 71 patients, and 21 had a clinical
diagnosis of Lynch Syndrome (LS). A hereditary colorec-
tal cancer (CRC) predisposition syndrome was confirmed
in 11 patients, of whom seven were carriers of P variants
in MMR (mismatch repair) genes, two presented with P
variants in APC, and two had MUTYH biallelic P/LP vari-
ants. However, this number increased to 13 since two vari-
ants of uncertain significance (VUS), one in APC and one

Abbreviations: APC, APC regulator of WNT signaling pathway; ATM,
ATM serine/threonine kinase; BMPRIA, bone morphogenetic protein
receptor type 1A; BRCA2, BRCA2 DNA repair associated; CDKN2A,
cyclin-dependent kinase inhibitor 2A; CHEK2, checkpoint kinase 2;
CRC, colorectal cancer; EGFR, epidermal growth factor receptor; EORC,
early-onset rectal cancer; FAP, familial adenomatous polyposis; HR,
homologous recombination; KRAS, Kirsten rat sarcoma viral oncogene
homolog; LP, likely pathogenic; LS, Lynch syndrome; MMR, mismatch
repair; MSH2, mutS homolog 2; MUTYH, mutY DNA glycosylase; NFI,
neurofibromin 1; P, pathogenic; PALB2, partner and localizer of BRCA2;
PD-1, programmed cell death 1; POLDI, DNA polymerase delta 1,
catalytic subunit; RBI, RB transcriptional corepressor 1; VUS, variant of
uncertain significance

in BMPRIA, were classified as P and LP (VarSome genetic
database), respectively. A previous study detected seven P
variants in known CRC predisposition genes (MMR genes
and APC) in a cohort of 65 EORC patients, thus confirm-
ing the diagnosis in a similar proportion of patients than
ours (~11%) [1]. The MUTYH c.1187G>A monoallelic vari-
ant found in one patient was previously described [2], cor-
roborating its impact on cancer emergence. Three patients
with MMR-deficient tumors evaluated by immunohisto-
chemistry also presented germline variants in MMR genes
(Supplementary Table S3).

Among the patients with a family history of cancer and
no clinical diagnosis of LS, variants in homologous recom-
bination (HR) genes were the most prevalent (12 patients,
including 5 with P/LP variants). Notably, 26 of our 52
patients with variants had alterations in DNA repair path-
way genes. Although the involvement of variants in MMR
genes with CRC risk is well defined, the effect of other
repair genes remains unclear.

The most common altered genes were ATM (17%), APC
(8%), MSH2 (7%), and BRCA2 (7%). Two ATM variants
described here were previously reported in EORC patients
(c.1229T>C and ¢.2932T>C) [3], and three patients showed
the same ATM variant (c.8734A>G) previously described
in CRC [4]. BRCA2 germline variants were also reported in
EOCR patients [3]. A pan-cancer study identified ATM and
BRCAZ2 germline variants in rectal cancer patients [2]. P
and LP ATM variants were common in another pan-cancer
study with 1,507 pediatric and young patients [5]. A pre-
vious study in CRC patients reported an enrichment of P
variants in HR genes, particularly in ATM and PALB2 [6].
Germline variants in HR genes were described in young
CRC patients [2, 7]. Other advanced tumors, such as pan-
creatic cancer, mesothelioma, and ovarian cancer, showed
a tendency of enrichment of germline P variants in HR
repair genes [8]. Taken together, these studies pointed out
the relevance of germline variants of HR genes, particu-
larly ATM and BRCA2, as risk factors for developing EORC.

Recently, a pan-cancer analysis reported P/LP variants
of RBI and NFI in children, adolescents, and young adults
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with solid tumors [5]. Of note, we identified two patients
with RBI and one with NFI variants. None of our cases
developed retinoblastoma or had relatives with this can-
cer type. However, the presence of these variants highlights
that novel discoveries depend on the selection criteria of
genes investigated.

We conducted a co-segregation analysis in 17 relatives of
seven patients (Supplementary Tables S4 and S5). Family
members with cancer or polyps of three patients with P
variants in known CRC predisposition genes (Al: MSH2;
Ad: APC; BI15: biallelic MUTYH) had identical variants.
Patients Al and A4 also presented ATM variants shared
by A4 relatives (classification of variants: VUS) but not
by Al relatives (classification of variants: P). For patient
B45, both P/LP variants in MUTYH were found in two of
four still unaffected relatives. Both patient B46 and one
sister with thyroid cancer presented with CDKN2A VUS.
Although this high-penetrance gene is associated mainly
with hereditary melanoma, the same germline variant
(c.170C>A) was previously identified in one CRC patient
[9], thus supporting its contribution to the disease. Of
interest, patient B29 presented a benign POLDI variant
(according to the ACMG criteria), and her sister with
polyps also presented with the same variant. This variant
could be associated with CRC appearance. Although
co-segregation analysis provides additional evidence of
an association between germline variants with cancer
risk, functional assays are required to gain further insight
into the potential pathogenic effect of candidate genetic
variants.

In addition to predisposing individuals to cancer devel-
opment, germline variants may impact outcomes. We
found a lower overall survival in EORC patients present-
ing DNA repair gene variants than those without these
variants (Figure 1B-D). Remarkably, a similar result was
obtained considering only the patients with variants in HR
genes.

Comparing our dataset with EORC data from six studies
using next-generation sequencing, we found 16 commonly
altered genes, of which ATM, APC, and MSH2 showed
the highest number of germline variants (Supplementary
Table S6 and Supplementary Figure S2).

The detection of germline variants is important not only
for diagnosis and genetic counseling but also for determin-
ing therapeutic strategies. Particularly, patients with MMR
variants could benefit from immune checkpoint inhibi-
tion (anti-PD-1 antibodies, such as pembrolizumab). Vari-
ants in HR genes (mainly BRCA1/2, CHEK2, and ATM)
may indicate sensitivity to poly(ADP-ribose) polymerase
inhibitors and platinum-based chemotherapy [10]. We
found that two patients presented with CHEK?2 variants.
In a recent pan-cancer analysis with 11,947 patients and
more than 50 types of cancer, P/LP variants in genes with
therapeutic implications were found in 9% of patients [10].
Most of the germline variants with therapeutic actionabil-
ity were identified in HR (BRCAI/2: 42%; CHEK2: 13%;
and ATM: 12%) and MMR genes (11%) [10]. We also found
germline variants in other genes with therapeutic rele-
vance: EGFR, KRAS, and NFI. Advanced non-small cell
lung cancers with EGFR mutations are treated with tyro-
sine kinase inhibitors. Currently, several KRAS inhibitors
have been tested in solid tumors, including CRC. Suni-
tinib and selumetinib target therapies have been used in
patients with NFI germline variants.

Environmental factors (diet, obesity, and alterations in
the gut microbiome) and low penetrance genetic vari-
ants may contribute to the pathogenesis of rectal can-
cer. In addition, the identification of germline variants
in EORC patients has implications not only for diagnosis
and genetic counseling but also for prognosis prediction
and treatment selection. We identified a high frequency
of EORC patients harboring germline variants (~73%),
mainly in HR/MMR genes, oncogenes, and tumor suppres-
sors; of which some could be actionable targets for treat-
ment. Screening programs should be implemented for all
patients with EORC, regardless of their family history, and
could be helpful to reverse the morbidity associated with
the disease.

DECLARATIONS

ACKNOWLEDGMENTS

The authors would like to thank the patients and their fam-
ily members for participating in this study. We are grate-
ful to Dr. Rachel Pearlman and Dr. Heather Hampel from

FIGURE 1

Landscape of genomic alterations in young rectal cancer patients and their impact on overall survival. (A) Oncoprint

showing germline variants detected in young rectal cancer patients. Clinical data and the status of mismatch repair protein expression in

tumor samples are highlighted. Genes are grouped according to their function (repair-associated gene, tumor suppressor, oncogene, others).
The top panel demonstrates the number of altered genes per sample. (B-D) Overall survival of early-onset rectal cancer patients according to
the presence of any variants (B), variants identified in any repair gene (C), or specifically in genes involved in the HR repair pathway (D).
Abbreviations: MMR: mismatch repair; Meta diag.: metastasis at diagnosis; Meta/Rec f.up: metastasis or recurrence during follow-up; AMI/II
or NCCN: Amsterdam I/II or National Comprehensive Cancer Network (version 1.2020) criteria for Lynch Syndrome; HR: homologous
recombination; NHEJ: non-homologous end joining; FA: Fanconi anemia; BER: base excision repair; NER: nucleotide excision repair; TSG:
tumor suppressor gene
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