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Abstract
Much of the genetic predisposition to colorectal cancer (CRC) in humans is unexplained. Studying
a Caucasian-dominated population in the United States, we showed that germline allele-specific
expression (ASE) of the gene encoding transforming growth factor–β (TGF-β) type I receptor,
TGFBR1, is a quantitative trait that occurs in 10 to 20% of CRC patients and 1 to 3% of controls.
ASE results in reduced expression of the gene, is dominantly inherited, segregates in families, and
occurs in sporadic CRC cases. Although subtle, the reduction in constitutive TGFBR1 expression
alters SMAD-mediated TGF-β signaling. Two major TGFBR1 haplotypes are predominant among
ASE cases, which suggests ancestral mutations, but causative germline changes have not been
identified. Conservative estimates suggest that ASE confers a substantially increased risk of CRC
(odds ratio, 8.7; 95% confidence interval, 2.6 to 29.1), but these estimates require confirmation and
will probably show ethnic differences.

The annual worldwide incidence of colorectal cancer (CRC) exceeds 1 million, being the
second to fourth most common cancer in industrialized countries (1). Although diet and
lifestyle are thought to have a strong impact on CRC risk, genes have a key role in the
predisposition to this cancer. A positive family history of CRC occurs in 20 to 30% of all
probands. Highly penetrant autosomal dominant and recessive hereditary forms of CRC
account for at most 5% of all CRC cases (2). Although additional high- and low-penetrance
alleles have been proposed, much of the remaining predisposition to CRC remains unexplained
(3).

Aberrations in the transforming growth factor–β (TGF-β) pathway are heavily involved in CRC
carcinogenesis (4). Although mutations in the TGF-β type II receptor gene have been explicitly
associated with CRC (5), the type I receptor gene (TGFBR1) has received less attention,
although there is evidence that a common variant may be associated with cancer risk (6,7). We
hypothesized that TGFBR1 is a notable candidate for a gene that, when mutated, causes
predisposition to CRC or acts as a modifier of other genes, resulting in a predisposition. Our
study was undertaken to test this assumption.
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Given the previously existing evidence that inherited allele-specific expression of APC acts as
a mechanism of predisposition to familial adenomatous polyposis (8) and of an analogous
mechanism involving DAPK1 in chronic lymphocytic leukemia (9) we searched for a similar
association of TGFBR1 with CRC. We hypothesized that the putative change might be subtle;
for instance, lowered rather than extinguished expression of one allele referred to here as ASE,
for allele-specific expression. To test for ASE in TGFBR1, we chose three single-nucleotide
polymorphisms (SNPs) (rs334348, rs334349, and rs1590) in the 3′ untranslated region (3′
UTR), to which primer extension with fluorescent nucleotides (SNaPshot) (10) was applied.
These three SNPs are separated by 1916 and 1778 base pairs (bp), respectively, yet they exhibit
total linkage disequilibrium.

Among a total of 242 patients with microsatellite instability (MSI)–negative CRC (10), 96
(39.7%) were heterozygous for the three 3′UTR SNPs, of whom 12 showed ASE variation
ratios higher than 1.5, whereas no patient showed ratios below 0.67. Forty-nine additional cases
were heterozygous for one further SNP (rs7871490) located in the 3′UTR that was not in strong
linkage disequilibrium with the above three markers, and 17 out of 49 (17/49) had ASE values
higher than 1.5. Thus, 29 out of 138 (21%) informative CRC patients showed ASE in the
TGFBR1 gene. Three additional cases had borderline values (fig. S1 and table S1).

DNA samples from the blood of healthy Columbus, Ohio–area controls (195 individuals)
(10) were genotyped for the four SNPs. One hundred and nine (55.9%) were heterozygous,
and ASE analysis in 105 of them revealed ratios ranging between 0.72 and 3.25 (fig. S1). Only
three controls showed ratios above 1.5. Our results in both the CRC patients and controls
suggest that the degree of ASE is a quantitative trait (Fig. 1). Differences in the degree of ASE
between patients and controls showed a P value of 0.1208 when a Wilcoxon rank sum test was
applied and a P value of 0.0207 when a permutation test (100,000 permutations) was applied.

At this stage, it is not possible to determine whether the degree of predisposition to CRC is
proportional to the degree of ASE or whether there is a threshold value that separates
“abnormal” values that predispose to CRC from “normal” values that do not. A ratio of 1 means
that both alleles are equally expressed, whereas a ratio of 1.5 means a 33% difference, as does
a ratio of 0.67. To define a cutoff point, we applied receiver operating characteristic (ROC)
analysis, which estimates the sensitivity and specificity of cutoff points. As shown in table S2,
the value of 1.5 maximizes both characteristics, providing the highest Youden’s index. When
a cutoff of 1.5 was used, the P value comparing cases and controls was 7.655 × 10−5. Although
there is no overall need to define a firm cutoff point, we used the value of 1.5 to categorize
CRC cases and controls into ASE and non-ASE. In order to determine whether the observed
ratios falling outside this range represent an increase or decrease in the transcript of one allele,
a reverse transcription polymerase chain reaction (RT-PCR) experiment was performed, taking
advantage of hybrid clones monoallelic for chromosome 9 created from two individuals with
ASE (patients 1 and 26, table S1). Each of the four hybrid clones contained either the maternal
or paternal copy of chromosome 9, plus the mouse genome (10). As shown in Fig. 2A, ASE
determination in the diploid samples indicated that the expression of one allele (a) was reduced
as compared to that of the other allele (b). In the four monoallelic hybrid clones, the
densitometric values of the RT-PCR of human TGFBR1 were compared with the corresponding
values for mouse Gpi (10). One allele (a) showed reduced expression in both patients. These
experiments support the notion of lowered expression of one allele, and in both patients the
same allele was affected (Fig. 2, A and B).

To assess the effect of ASE on TGF-β signaling, lymphoblastoid cell lines from four ASE
patients and four non-ASE healthy controls were exposed to TGF-β (10), which binds TGFBR2
and leads to the formation of the TGFBR2/TGFBR1/TGF-β heteromeric complex. We
observed differences in levels of phosphorylated SMAD2 (pSMAD2), an important
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downstream effector and surrogate marker of TGF-β signaling (11,12). There were constitutive
differences in pSMAD2 expression between ASE patients and non-ASE controls in the absence
of exogenously added TGF-β (time 0; Fig. 3A). Differences in pSMAD2 levels became more
pronounced upon exposure to TGF-β. These differences were observed at low TGF-β
concentrations (<5 pM) (Fig. 3B) and occurred in four out of four ASE cases as compared to
non-ASE controls.

It has been shown that phosphorylation of SMAD3 is an essential step in signal transduction
by TGF-β for the inhibition of cell proliferation (13). Furthermore, Smad3-deficient mice are
prone to developing colon cancer (14,15). To assess the impact of TGFBR1 ASE on the
phosphorylation of SMAD3, we used an antibody targeting the Ser423/425 site in SMAD3
(10,16). Constitutive levels of pSMAD3 were detectable in the lymphoblastoid cell lines of
three non-ASE controls, whereas pSMAD3 was barely detectable in one ASE case (Fig. 3C).
Exposure to TGF-β did not result in any detectable increase in pSMAD3 in the lymphoblastoid
cell lines of the ASE patients. The pSMAD2 and pSMAD3 results indicate that patients with
ASE exhibit decreased SMAD-mediated signaling when compared with non-ASE controls.

A GCG trinucleotide variable number of tandem repeat polymorphism occurs in exon 1 of
TGFBR1. The most common allele contains nine repeats leading to a stretch of nine alanines
(9A) in the signal peptide of the receptor protein. The second most common allele has six
repeats (6A) and occurs in approximately 14% of all individuals in most Caucasian populations
(6). The 6A allele has been associated with a low-level but statistically significant
predisposition to several forms of cancer (17–20). Recent studies suggest that the association
of 6A with colon cancer is either weak [odds ratio (OR) 1.2, 95% confidence interval (CI) 1.01
to 1.43] (17) or borderline significant (OR 1.13, CI 0.98 to 1.30) (21). We typed this
polymorphism in all 242 CRC cases studied by us and found 9A/9A in 197, 9A/6A in 40, 6A/
6A in 4, and 1 failed (table S3). There were clearly more 9A/6A heterozygotes among the
patients with ASE (14/29) than in those without ASE (22/108) (P = 0.0052, chi-square test).
We tentatively concluded from these data that the 6A allele is probably in linkage
disequilibrium with one of the putative mutations that causes ASE, but 6A is not in itself
causative of ASE.

All 29 patients showing ASE and three patients with borderline ASE values (1.49, 1.49, and
1.46) (n = 32 patients) were studied for genetic changes occurring in the germ line. By
sequencing of all nine exons, 2 kb upstream of exon 1, and the entire 3′UTR (10), a single
sequence change in the coding exons was identified in patient 30, consisting of a coding DNA
1204 T→A (c.1204T>A) missense change in exon 7 that changes a tyrosine to asparagine
(p.Tyr401Asn). Its pathogenicity is currently being assessed. Several changes, all previously
reported as polymorphic, were identified in the 3′UTR and promoter regions. In three patients,
a deletion (del) of two bases (c.1-1782_1783delCA) at 1783 bp upstream of exon 1 was
identified in a repetitive sequence of short interspersed nuclear elements. Multiplex ligation-
dependent probe amplification (10) did not suggest any large rearrangements, deletions, or
duplications of exons. In a study of promoter methylation, none of the comparisons of germline
methylation status between ASE and non-ASE cases and ASE cases versus controls were
signigicant (supporting online material text and table S4). Thus, germline promoter methylation
is unlikely to play a role in ASE.

We hypothesized that changes occurring in noncoding regions of the gene could be responsible
for the reduction in expression. To fully study this possibility, overlapping fragments of 1.7 to
10 kb were amplified by long-range PCR, cloned, and sequenced. In all, approximately 96.5
kb covering the whole gene and 3′UTR (49 kb), 35 kb upstream of exon 1 (up to the next gene
COL15A1), and 12.5 kb downstream of the 3′UTR (Fig. 4) were fully sequenced in the four
monochromosomal hybrids (patients 1 and 26) and in diploid DNA from four other ASE
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patients (patients 5, 11, 14, and 21) (10). Our sequencing strategy allowed us to determine the
phase of every change within each amplicon and over larger regions when at least one change
occurred in the overlapping fragments. In all, 25 and 104 changes were identified in the down-
regulated alleles of patients 1 and 26, respectively, whereas 31 and 6 changes were detected
in their wild-type counterparts. Diploid DNA from the four patients harbored 61, 37, 33, and
135 changes, respectively.

Excluding changes known to be present in the wild-type alleles, 140 changes were identified
in the down-regulated alleles. Only the c.1-1782_1783delCA change stood out as a candidate
mutation. It occurred in 3/29 (10.3%) ASE patients, in 0/3 ASE controls, in 1/51 (2%) non-
ASE CRC patients, and 1/81 (1.2%) non-ASE controls. In summary, these investigations did
not uncover the genetic changes causing ASE.

Genotyping of most changes identified by sequencing was carried out in all available ASE
CRC patients, including borderline cases (n = 31), and in 55 non-ASE CRC patients.
Construction of haplotypes from the available genotype and haplotype data was performed
with PHASE v.2.1.1 (10). In all, 60 polymorphisms covering 73.5 kb (from 12 kb upstream of
exon 1 to 12.5 kb downstream of the 3′UTR) were used for haplotype inference (table S5). For
all ASE and non-ASE patients, the program was run with 1000 permutations with overlapping
10-SNP sliding windows. Haplotype frequency distributions in ASE and non-ASE populations
showed significant differences in a genomic region covering the area between the 3′ end of
intron 3 to ~5 kb downstream of the 3′ end of the UTR (Fig. 4).

The group of patients carrying the minor allele for the three 3′UTR SNPs in linkage
disequilibrium (group 1) was very different from the other group derived from the study of
SNP rs7871490 (group 2). Haplotype analysis was performed separately in the two groups,
using 50 and 21 SNPs, respectively. In group 1 (n = 53), one major haplotype for the affected
alleles was present in 11/14 (78.6%) of ASE but also in 22/39 (56.4%) non-ASE patients (Fig.
4). For group 2 (n = 33), another major haplotype for the affected allele was present in 14/17
(82.4%) of ASE and in 1/16 (6.3%) of non-ASE patients (Fig. 4). Fisher’s exact test to compare
haplotype proportions showed P values of 0.2031 and 1.260 × 10−5 for groups 1 and 2,
respectively. The 6A allele of the 9A/6A polymorphism occurred in the ASE haplotype in all
14 cases of group 2, but not in group 1, where all ASE cases except one were homozygous for
the 9A allele.

In search of somatic changes in line with Knudson’s two-hit hypothesis, loss of heterozygosity
(LOH) analyses as well as a search for somatic mutations in the coding sequences of the gene
were performed in DNA from the tumors of 26 ASE patients. Using the described threshold
(10), 6 cases out of 26 showed LOH. In three of these six cases, the wild-type allele, the one
with normal expression in blood, was lost or reduced, whereas in the other three cases, the
allele showing germline ASE was lost. Exon-by-exon sequencing of the entire gene in tumors
from 26 ASE patients revealed somatic changes in three tumors that were not found in blood
DNA. The mutations were: c.634G>A (p.Gly212Asp) in one tumor and c.682_685delAAG
(p.Glu228del) in two tumors. These mutations occurred in exon 4, which encodes the kinase
domain of the protein. LOH analyses and exon 4 sequencing in 49 tumors of CRC patients
without ASE showed that none of these tumors had evidence of somatically acquired mutations,
and five showed LOH (table S3). Fisher’s exact test comparing proportions of LOH and
mutations between ASE and non-ASE cases showed P values of 0.1708 and 0.0355,
respectively. The occurrence of somatic mutations in ASE cases but not in controls supports
the role of TGFBR1 as a tumor suppressor gene. On the other hand, the fact that LOH affected
the ASE allele as often as the wild-type allele could indicate random losses.
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The cohort of MSI-negative CRC patients had been deliberately enriched in familial cases
(10). In the cohort of 138 patients with available ASE values, 59 out of 136 (43.4%) were
familial according to the criteria indicated above, and family information was not available in
two cases. Among the cases showing ASE, 53.6% were familial (table S3). The proportion of
ASE was higher among familial than nonfamilial cases: 15/59 (25.4%) familial cases versus
13/77 nonfamilial cases (16.9%). A chi-square test to compare proportions showed that this
difference was not statistically significant (P = 0.314).

The above data suggest that ASE contributes somewhat more to familial than to sporadic CRC
but do not allow its inheritance to be assessed. If ASE is regularly inherited as a dominant trait,
the expectation is that 50% of first-degree relatives (FDRs) also have ASE. Data from four
families that are informative in this regard are shown in fig. S2. In all, among 11 FDRs, ASE
was greater than 1.5 in 4, borderline in 2 (ASE values 1.40 and 1.44), and low in 5. There was
no instance of ASE being incompatible with Mendelian dominant inheritance. In all four
families, co-segregation of ASE with the inferred risk haplotype, representing the down-
regulated allele, occurred. The highest Kong and Cox nonparametric LOD score was 1.25, with
a P value of 0.008 (nonparametric z score = 4.12; P value = 0.00002). Among the four to six
ASE-positive FDRs, two had CRC, one had endometrial cancer and a tubular colonic adenoma,
one had prostate cancer, and another had multiple polyps in the colon and rectum (table S6).
Although fragmentary, these data suggest dominant inheritance of ASE with incomplete
penetrance of CRC in ASE carriers.

There is indirect evidence to support the notion that ASE of TGFBR1 contributes to CRC
development. The TGF-β pathway is strongly involved in the carcinogenesis of colon and other
cancers, and its signaling is dependent on the integrity of both of its receptors (TGFBR1 and
TGFBR2) (22,23). In a comprehensive study of CRC tumors, somatic mutations occurred with
high frequency in 69/13,023 genes. Among these 69 genes were TGFBR2, SMAD4, SMAD2,
and SMAD3, attesting to the importance of the TGF-β pathway in CRC (24). There is rapidly
increasing evidence that subtle variations in gene expression play central roles not only in
development in various organisms but also in human disease (8,9,25). Linkage analysis of a
cohort of sibling pairs concordant or discordant for colorectal carcinoma or adenoma
highlighted a region in chromosome 9q22-31 (26). Subsequently, borderline significant linkage
to the same region was observed in families segregating colorectal cancer or adenoma without
microsatellite instability (27,28). This evidence is compatible with, but in no way proves, a
role for TGFBR1.

We were unable to determine what mechanism causes ASE. The haplotype data support the
implication of ancestral mutations for most ASE patients. Moreover, the elusive genomic
change causing ASE is likely to occur in cis, but the data do not exclude the possibility that
ASE arises as a result of trans-acting genes that preferentially affect the risk haplotypes. Such
genes could well be RNA genes as predicted earlier (29). Very recently, the existence of
extensive quantitative trait loci for gene expression was documented in two large studies (30,
31).

How common is ASE of TGFBR1? Using our definition, it occurred in 29/138 tested CRC
patients (21%) and in 3/105 tested controls (3%). In the extreme, if none of the non-informative
CRC cases had ASE, the frequency would be 29/242 (12%), and for the controls, 3/195 (1.5%).
Because not all individuals are informative (heterozygous for a transcribed SNP), the true
frequency in cases and controls cannot be precisely assessed at present. Using the above
alternative numbers, we can calculate the OR of CRC in carriers of ASE. In the first scenario,
the OR is 9.0 (CI 2.7 to 30.6), and in the conservative one, OR is 8.7 (CI 2.6 to 29.1).

Valle et al. Page 5

Science. Author manuscript; available in PMC 2009 April 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



What proportion of all CRC is attributable to ASE of TGFBR1? From the available data of the
present case-control study, we estimated the population attributable risk (PAR). If ASE occurs
in 21% of cases and 3% of controls, the estimated PAR is 18.7% (CI 10.8 to 25.8). If ASE
occurs in 12% of cases and 1.5% of controls, the estimated PAR is 10.6% (CI 6.0 to 14.9).
These numbers are estimates, representing the Caucasian-dominated population of central
Ohio, and are heavily dependent on the relevant allele frequencies, which may show strong
inter-ethnic variation. We nevertheless conclude that ASE of TGFBR1 is a major contributor
to the genetic predisposition to CRC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TGFBR1 ASE distribution in 138 CRC patients and 105 controls studied by SNaPshot The
ASE cutoff value of 1.5 chosen to categorize the cases is indicated, together with its associated
P value obtained from comparing the proportions of cases (29/138) and controls (3/105) above
the indicated value.
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Fig. 2.
ASE determination in two ASE CRC probands. (A) ASE detection in blood DNA by SNaPshot.
The ASE ratio was calculated by normalizing the ratio between the peak areas of the two alleles
in cDNA with the same parameters in genomic DNA (gDNA). In both examples, the transcript
from the a allele is reduced with respect to that from the b allele. (B) Semiquantitative RT-
PCR of the cDNA from monochromosomal hybrids of the same two patients. Human
TGFBR1 expression (amplicon size 135 bp) was assessed and mouse Gpi was used as a control
(176 bp). The values shown below the gel represent the ratios of the densitometric values of
human TGFBR1 versus mouse Gpi, showing reduced expression of human TGFBR1 in the
hybrids that contain the a allele.
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Fig. 3.
Analysis of SMAD-mediated TGF-β signaling in lymphoblastoid cell lines from ASE CRC
patients and non-ASE healthy controls. (A) SMAD2 and phosphorylated SMAD2 (pSMAD2)
expression were assessed by Western blotting in lymphoblastoid cell lines from ASE patients
(P-1, P-5, and P-14) and non-ASE controls (C-1, C-2, and C-3), after exposure to TGF-β (100
pM) at various time points from 0 to 16 hours (h) and using β-actin as a loading control. In all
three ASE cases, less constitutive pSMAD2 was observed than in non-ASE controls. The
differences in pSMAD2 expression between ASE and non-ASE cell lines were further
enhanced after exposure to TGF-β. (B) SMAD2 and p-SMAD2 expression 1 hour after
exposure to different TGF-β concentrations. The effect shown in (A) also occurs at low
concentrations of TGF-β (5 pM). (C) pSMAD3 detection in nuclear extracts from three ASE
patients and three non-ASE controls after exposure to TGF-β1. The three non-ASE
lymphoblastoid cell lines had pSMAD3 expression in the nucleus, whereas nuclear pSMAD3
expression was undetectable in two ASE cases (P-1 and P-14) and barely detectable in one
case (P-5).
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Fig. 4.
(A) Diagram of the TGFBR1 genomic region. The uppermost line depicts the 96.5-kb region
sequenced in six ASE patients (four monochromosomal hybrids and four diploid DNAs).
Shown are the locations of the 2-bp CA deletion upstream of exon 1, the 9A/6A polymorphism
in exon 1, and the four SNPs in the 3′UTR used for ASE determinations. (B) Locations of the
60 SNPs used for haplotype inference in ASE (n = 31) and non-ASE (n = 55) CRC patients.
The arrowed shorter lines each depict a 10-SNP overlapping window. P values indicate the
significance of differences in haplotype distribution between ASE and non-ASE individuals.
(C) Two major haplotypes identified in ASE patients are shown.
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