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It is estimated that 20% of 30% of colorectal cancer (CRC) cases
are inherited, although the genetic drivers of risk are not well
established [1]. Transforming growth factor beta (TGF-f) plays
a central role in the development and progression of CRC.
TGFBRI*6A (6A) is a common polymorphism of TGFBRI,
an in-frame deletion of 3 GCG repeats coding for Alanine
(Ala) within the TGFBRI signal sequence. Wild-type TGFBR1
encodes for 9 Ala (9A) [2]. 6A (rs11466445) is not included in
genome-wide association study (GWAS) chips and is commonly
missed by next-generation sequencing platforms because of its
high content of guanine (G) and cytosine (C) bases, which ham-
per polymerase chain reaction amplification by formation of
secondary structures and the requirement for high melting tem-
peratures. The association of 6A with cancer risk has been inves-
tigated in multiple types of cancer, and 6A is part of a haplotype
putatively associated with colon cancer risk in humans [3]. The
shortcoming of these studies has been the lack of adjustment
for genetic ancestry and the investigation of a relatively low
number of cases and controls. Here, we report the impact of 6A
as a modifier of CRC using a novel knock-in mouse model and
extend those findings to humans via a large family-based, case-
control study, adjusting for genetic ancestry.

First, we developed a knock-in mouse model in which
the wild-type Tgfbrl exon 1 is replaced with human 9A or
6A. These mice were crossed with Adenomatous polyposis
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Colimultlple intestinal neoplasia/+ (APCMm/+) mice (Supplementary

Materials and Methods). After 12 weeks, intestinal tissue was
collected from these mice, and polyp growth was counted
and classified by morphology. All mice harboring the 6A
allele exhibited significantly decreased polyp formation (P =
0.020; Fig. 1A). Specifically, the heterozygous 9A/6A geno-
type had 49.7% fewer polyps (21.8 + 2.2) compared with
the 9A/9A genotype (43.4 + 4.1; P = 0.014). Although not sta-
tistically significant, the number of polyps (28.1 & 5.4) of 6A/6A
mice was also 35.3% lower compared with the 9A/9A mice (P =
0.056; Fig. 1A). Subset analysis of small intestinal polyps con-
firmed these findings. Heterozygous (9A/6A) mice had an aver-
age of 19.5 + 2.0 polyps and homozygous 6A mice had an
average of 26.3 + 5.2 polyps, which were lower (53.1% and
36.6%, respectively) than the homozygous 9A mice (41.6 +
4.3 polyps, P = 0.011 and P = 0.050, respectively; Fig. 1B).
Analyzing the data under a dominant genetic model for 6A, mice
with the 6A allele (9A/6A or 6A/6A genotypes) had 46% fewer
total polyps (P = 0.020; Fig. 1A) and 48.2% fewer small intestinal
polyps (P = 0.017; Fig. 1B) compared with 9A/9A mice.

We observed that both the average small intestine polyp
length of 9A/6A (1.74 + 0.36 mm) and 6A/6A (1.68 +0.19 mm)
were smaller than that in 9A homozygous mice (3.00 + 0.50 mm,
P =0.080 and P = 0.018, respectively). Thus, the average polyp
length of the mice with at least one 6A allele was significantly
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Fig. 1. TGFBRI *6A (6A) decreases polyp formation and adenoma to carcinoma transformation in Apc""™* mice. (A) Polyp formation of Apc""™* mice crossed with knock-in
TGFBR1*9A (9A) and/or 6A allele, in C57BL/6 mice. Mice were euthanized at 12 weeks, intestinal tissue was collected, and polyps were counted (9A/9A, n = 5; 9A/6A,
n = 8; 6A/6A n =12). Data points indicate the number of tumors in each individual mouse. For combined small intestine and colon tumor count, the 6A carrying variant was
significantly lower. The heterozygote 9A/6A compared to the common 9A/9A had a significantly lower total polyp count, while the rare 6A/6A was trending toward significance.
(B) Small intestine combined count was significantly lower in mice carrying the 6A variant, and both the 9A/6A heterozygote and the rare 6A/6A had significantly lower polyp
count in small intestine. (C) Small intestine tissue representative images (H&E) of the left red circle representing adenocarcinoma, center red circle representing high-grade
dysplasia, and right-most circle representing low-grade dysplasia collected from the humanized knock-in mice (scale bar = 1,000 pm). Polyps from 6A/6A (n = 6) and 9A/6A
(n = 5) showed low-grade dysplasia, with one instance of high-grade dysplasia, while 9A/9A (n = 3) had either early-stage carcinoma or high-grade dysplasia. Apc"""*,
Adenomatous polyposis colim!tiP'e intestinal neoplasia: TGEBR] Transforming Growth Factor Beta receptor 1.

smaller compared with 9A/9A polyp length (1.71 + 0.18 mm vs. We then tested for an association between 6A genotype
3.00 +0.50 mm, P=0.011; Table S1). Histologically, polyps from ~ and CRC in humans. We used the Colon Cancer Family
6A/6A (n = 6) and 9A/6A (n = 5) mice mainly displayed low- Registry (CCFR) dataset, which included germline DNA for
grade dysplasia (80.0% to 83.3%), with one instance of high-grade 3,374 individuals and GWAS data for 3,405 cases and relatives
dysplasia, while 9A/9A (n = 3) polyps only displayed high-grade ~ (Supplementary Materials and Methods). When performing
dysplasia or early-stage carcinoma (Fig. 1C and Table S2). statistical analyses adjusting for genetic ancestry (Supplementary
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Materials and Methods), the 6A allele was found to be associ-
ated with a decreased risk for CRC (odds ratio [OR] = 0.85,
95% confidence interval [CI] = 0.73 to 0.98, P = 0.022) under
an additive genetic model (Table S3). Contextually, the popula-
tion attributable fraction for non-6A carriers was 12.5%, assum-
ing a 4% lifetime risk of CRC. When restricting the analysis to
cases and their siblings (87.6% of controls were siblings), which
were genetically identical to the mouse model, we found an
even larger effect size (OR = 0.56, 95% CI = 0.34 t0 0.92, P =
0.023; Table S3). Additionally, we used Generalized Estimating
Equations to test for association with CRC risk for the TGFBRI
region single-nucleotide polymorphisms (SNPs). We investi-
gated if tag SNPs selected in the 6A region had any residual
independent association with risk for CRC. None of the SNPs
were associated with CRC status after adjusting for the 6A poly-
morphism (Fig. S1 and Table S4). Hence, the functional variant
6A captures the association across the region and is the driving
functional allele of the observed effect. Differences between
6A and 9A signaling have been documented in both normal
and cancer cells [2,4-6]. Whether 6A signaling affects epithe-
lial and/or stromal impact on adenoma development will need
to be further studied.

Next, we repeated the analyses stratifying or subsetting by key
demographic and clinical characteristics of the cases (Tables S5
and S6). Stratifying by age decades, a generally consistent pat-
tern of OR < 1.00 was observed, except for age stratum 60 to
69 (Table S5). We noted that the number of homozygotes for
6A were very small, resulting in limited statistical power for
any individual stratum analysis and only the age stratum >70
reached statistical significance (OR = 0.49, 95% CI = 0.29 to
0.83, P=0.007; Table S5). Subsetting to individuals positive for
some clinical and pathological variables reduced the sample
size. Subsetting for familial adenomatous polyposis was statisti-
cally significant (OR = 0.16, 95% CI = 0.03 to 0.87, P = 0.035)
for 27 cases and 10 controls (Table S5).

The data presented in this study showed that 6A was associ-
ated with reduced risk of CRC. The concordant mouse and
human findings support the idea that 6A is a high-frequency,
low-penetrance CRC protective allele. The knock-in mouse
model reported here demonstrated that mice carrying 6A
developed 46% fewer polyps than 9A/9A mice, had smaller
polyps, had lower-grade dysplasia, and did not harbor carci-
noma (Fig. 1). Similarly, there was an almost identical 44%
decreased CRC risk (OR = 0.56) among siblings carrying the
6A allele (Table S3), a population that closely mimics the
humanized mouse model because of its shared genetic back-
ground. In patients with familial polyposis, a disease caused by
germline mutation of the APC gene, 6A may be considered a
high-penetrance protective allele as CRC risk was decreased
by 84% (OR = 0.16) (Table S5). This strongly suggests that 6A
is a potent modifier of APC-mediated CRC tumorigenesis.
Importantly, the association of decreased CRC risk was also
observed among all cases and controls, demonstrating the
applicability of these findings to the general population (Table
S3). By adjusting the CCFR analyses for potential confounding
factors, including genetic ancestry admixture, we attempted to
address the limitations of several prior 6A studies, acknowledg-
ing that further studies of other ancestral populations and
ethnicities are required to generalize the findings to those
populations (e.g., Asian and African ancestry, Hispanic ethnic-
ity) [7-9]. Furthermore, these findings add to the evidence that
structural variants such as various length insertion-deletions
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(indels) are also important drivers of risk in diseases. Generally,
structural variants are understudied due to challenges in variant
calling, and accurate identification and genotyping of short and
medium indels remains a challenge, especially for guanine-
cytosine (GC)-rich regions, as sequencing has mainly focused
on one base pair SNP changes of fixed length [10]. The results
presented in this report provide compelling evidence that
GWAS-based case-control studies may have overlooked some
functional hard-to-genotype GC-rich short indels.

In conclusion, we showed that 6A is a protective risk allele,
which markedly reduces CRCrrisk in discordant sibling pairs. CRC
risk reduction is highest in patients with familial adenomatous
polyposis. If these findings can be replicated and validated, they
could have impactful clinical implications, given the significantly
reduced risk of CRC in familial adenomatous polyposis patients
and among siblings of patients carrying the 6A gene.
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