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Abstract
In 2006, more than 55 000 patients died of colorectal cancer in the US, accounting for ∼10% of all
cancer deaths. Despite significant progress in screening combined with the development of novel
effective therapies, colorectal cancer ranks second to lung cancer as a cause of cancer death. Twin
studies indicate that 35% of all colorectal cancers are inherited, but high-penetrance tumor
susceptibility genes only account for ∼3–6% of all cases. The remainder of the unexplained familial
risk is presumably due to other high-penetrance genes, but polygenic mechanisms and low-
penetrance tumor susceptibility genes are likely to account for a greater proportion of familial
colorectal cancers. In this regard, there is growing evidence that a common hypomorphic variant of
the type I TGF-β receptor, TGFBR1*6A, may account for ∼3% of all colorectal cancer cases, a
fraction higher than that attributable to mismatch repair genes MLH1, MSH2, MSH6 and PMS2.
Furthermore, TGFBR1*6A is emerging as a potent modifier of colorectal cancer risk among
individuals with a strong family of colorectal cancer. The TGF-β signaling pathway plays a central
but paradoxical role in the predisposition and progression of colorectal cancer. TGF-β is a potent
inhibitor of normal colonic epithelial cells acting as a tumor suppressor. However, TGF-β promotes
the survival, invasion and metastasis of colorectal cancer cells, thereby acting as an oncogene.
Understanding how selective alterations of the TGF-β signaling pathway contribute to colorectal
cancer development and progression will likely permit the identification of an additional fraction of
inherited colorectal cancer cases and provide novel opportunities for therapeutic intervention.

INTRODUCTION
Colorectal cancer is the third most common cancer and the second leading cause of cancer
death in the US. In 2006, 148 810 new cases were diagnosed, of which 106 680 were colon
and the remainder rectal cancers (1). Despite the increased use of screening strategies such as
fecal occult blood testing, sigmoidoscopy and colonoscopy, more than one-third of patients
with colorectal cancer will ultimately develop metastatic disease. Although several new
treatment options have become available for metastatic colorectal cancer in the past decade,
most patients will eventually die of uncontrolled metastatic spread within a few years of
diagnosis, accounting for 55 000 deaths in 2006 (1). It is widely accepted that genetic factors
play key roles in the predisposition to colorectal cancer development and progression, but the
proportion of colorectal cancer cases attributable to inherited factors depends on the definition
of familial colorectal cancer. More than 11% of patients with colorectal cancer have at least
one first degree relative with the same disease (2), but twin studies suggest that ∼35% of
colorectal cancers are inherited (3). One may therefore reasonably estimate that one-third of
all colorectal cancer cases are caused by cancer susceptibility genes. Our current knowledge
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of cancer genetics is primarily based on the identification of high-penetrance tumor
susceptibility genes such as APC, MLH1, MSH2, MSH6 and PMS2 (4). The high morbidity
and mortality of colorectal cancer and the availability of screening and prevention strategies
provide compelling reasons to search for additional colorectal cancer susceptibility genes.
Indeed, identification and removal of early-stage colorectal cancers screened by fecal occult
blood testing or sigmoidoscopy are feasible and effective methods to reduce mortality (5).
Strategies consisting of colonoscopies every 1–3 years in individuals at high risk for colorectal
cancer result in decreased colorectal cancer incidence (6), but such strategies cannot
realistically be used in the general population. In this short review, we will focus on some of
the recent developments in the study of the transforming growth factor-β (TGF-β) signaling
pathway, as it relates to colorectal cancer susceptibility.

GENETICS OF COLORECTAL CANCER
Clues regarding important genetic targets in colorectal cancer have come from the study of
two hereditary neoplastic syndromes: familial adenomatous polyposis (FAP) and Lynch
syndrome, formerly named hereditary non-polyposis colorectal cancer (HNPCC). FAP is
caused by inherited defects in the adenomatous polyposis coli (APC) gene, which lead to the
development of multiple benign polyps throughout the colon. Additional mutations, including
mutation of KRAS and TP53, and deletion on chromosome 18q are required for subsequent
tumor progression (7). In contrast, Lynch syndrome is characterized by rapid progression of
colorectal tumors, which is due to germline mutation of one of the DNA mismatch repair
(MMR) genes: MLH1, MSH2, MSH6 or PMS2 (8). Interestingly, somatic inactivation of MMR
genes, which is generally caused by hypermethylation in the promoter of MMR genes, has also
been found in ∼15–20% of sporadic colorectal cancers (9). Cells with MMR gene inactivation
are prone to insertion/deletion-type mutations during replication, which occur especially at
sites of nucleotide repeat sequences known as microsatellites and result in microsatellite
instability (MSI). Mutations in microsatellites of certain tumor-suppressor genes, such as the
type II TGF-β receptor TGFBR2 (discussed in more detail in what follows), BAX, E2F4 and
IGFR2, are frequently identified in MSI + colorectal tumors (9,10). Therefore, MSI may create
a favorable state for accumulating mutations in genes that control cell growth and apoptosis,
and these alterations ultimately lead to cancer progression.

Although the genetic mechanisms underlying FAP and Lynch syndrome are well understood,
they only account for ∼0.2 (4) and 2% (11,12) of all colorectal cancers, respectively. Inherited
variants of the MYH gene have been shown to cause MYH-associated polyposis and are thought
to account for ∼1% of all colorectal cancers (13). Germline mutations of the STK11 gene
underlie the Peutz–Jeghers syndrome (14), and mutations of SMAD4 (15) and BMPR1A (16)
cause juvenile polyposis. Collectively, these syndromes account for 3–6% of all colorectal
cancers (17). Much of the remaining familial colorectal cancers and a large proportion of
sporadic cases are likely due to low-penetrance mutations, i.e. mutations that have low
frequency of association with a specific phenotype (4). Several low-penetrance alleles that are
associated with colorectal cancer have been identified, including TGFBR1*6A (discussed in
what follows) and APC*I1307K (18).

TGF-β SIGNALING PATHWAY IN COLORECTAL CANCER
The TGF-β signaling pathway is involved in the control of several biological processes,
including cell proliferation, differentiation, migration and apoptosis (19). It is one of the most
commonly altered cellular signaling pathways in human cancers (20). TGF-β signaling is
initiated by the binding of TGF-β ligands to type II TGF-β receptors (TGFBR2). Three TGF-
β isoforms (TGFB1, TGFB2 and TGFB3) are expressed in mammalian epithelium, and each
is encoded by a unique gene and expressed in both a tissue-specific and developmentally
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regulated manner. TGFB1 is the most abundant and ubiquitously expressed isoform. Once
bound to TGF-β, TGFBR2 recruits and phosphorylates the type I TGF-β receptor (TGFBR1),
which stimulates TGFBR1 protein kinase activity. Activated TGFBR1 then phosphorylates
two downstream transcription factors, SMAD2 and SMAD3, allowing them to bind to SMAD4.
The resulting SMAD complexes translocate into the nucleus and interact with other
transcription factors in a cell-specific manner to regulate the transcription of a multitude of
TGF-β-responsive genes (21) (Fig. 1). It is increasingly apparent that TGF-β-related proteins
initiate the activation not only of SMADs but also of other signaling pathways. These pathways
regulate SMAD-mediated responses and also induce SMAD-independent responses (22).

Some of the downstream targets of TGF-β signaling are important cell-cycle checkpoint genes,
including CDKN1A (p21), CDKN1B (p27) and CDKN2B (p15), and their activation leads to
growth arrest (19). Therefore, TGF-β serves as a tumor suppressor in the normal intestinal
epithelium by inhibiting cell proliferation and inducing apoptosis. Many colorectal cancers
escape the tumor-suppressor effects of TGF-β and are resistant to TGF-β-induced growth
inhibition (23). However, during the late stages of colorectal carcinogenesis, TGF-β acts as a
tumor promoter and is usually highly expressed. High levels of TGFB1 in the primary
colorectal tumor are associated with advanced stages and a greater likelihood of recurrence
and decreased survival (24,25). Experimentally, prolonged exposure to high levels of TGF-β
promotes neoplastic transformation of intestinal epithelial cells (26), and TGF-β stimulates the
proliferation and invasion of poorly differentiated and metastatic colon cancer cells (27).

Although the mechanism by which TGF-β switches its growth inhibitory effect into growth
stimulatory effect is not well understood, TGF-β has been shown to increase the production of
several mitogenic growth factors including TGF-α, FGF and EGF (21). In addition, TGF-β can
activate SMAD-independent pathways, such as Ras/MAPK pathway, JNK pathway and PI3
kinase/Akt pathway (8,21). Thus, TGF-β may drive the proliferation of colorectal cancer cells
in conjunction with these oncogenic pathways. TGF-β is also a potent regulator of cell
adhesion, motility and the extracellular matrix composition, which are involved in tumor
invasion and metastasis (21). In addition, TGF-β signaling promotes angiogenesis and
immuno-suppression (21). Therefore, it is likely that cancer cells achieve resistance to the
tumor-suppressor effects of TGF-β but remain responsive to the tumor-promoter effects of
TGF-β via selective alterations of this signaling pathway.

TGFBR2 MUTATIONS IN COLORECTAL CANCER
The TGFBR2 gene contains an A (10) tract in exon 3 and GT (3) tracts in exon 5 and 7, which
are microsatellite sequences prone to replication errors, especially in the presence of MMR
gene inactivation (28). Frameshift mutations of TGFBR2 are found in >80% of MSI+ colorectal
cancers (10). It is commonly speculated that colorectal cancers acquire partial TGF-β resistance
largely because of TGFBR2 genetic alterations. In fact, the overall incidence of TGFBR2
mutations is close to 30% in colorectal cancer and is the most common mechanism identified
so far that results in TGF-β signaling alteration (9,29). Interestingly, some colorectal cancer
cell lines, which harbor homozygous mutation of TGFBR2, are growth-inhibited by TGFB1,
which suggests that under certain circumstance, the cells can bypass TGFBR2 to maintain
growth inhibition (28). Whether TGFBR2 mutations truly contribute to colorectal
tumorigenesis or arise as bystander mutations in MSI+ tumors remains to be further studied.
The fact that TGFBR2 missense mutations are identified in ∼15% of colon cancer cell lines
that are microsatellite stable (29) provides some support for the notion that TGFBR2 serves as
a tumor suppressor in colorectal cancer.

To determine the pathogenic relevance of TGFBR2 inactivation in colorectal cancer, a
conditional mouse model that was null for Tgfbr2 in the colonic epithelium was generated and
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treated with azoxymethane to induce colorectal cancer formation (30). Mice that lack Tgfbr2
in the colon epithelium developed more colorectal adenomas and adenocarcinomas and had
increased neoplastic proliferation when compared with mice with intact Tgfbr2 (30). The
increase in cellular proliferation in the absence of TGFBR2 is likely due to the failure to
inactivate cdk4 expression in TGFBR2-deficient cells, as cdk4 expression is upregulated in
MSI+ cancers (31). In addition, reconstitution of TGFBR2 in an MSI+ colorectal cancer cell
line resulted in a decrease in cdk4 expression and activity, accompanied with a decrease in
cellular proliferation (31). These studies suggest that TGFBR2 inactivation may be a factor
contributing to the transformation of colorectal cancers.

TGFBR1 MUTATIONS AND POLYMORPHISMS IN COLORECTAL CANCER
Mutations in TGFBR1 have been identified in human colorectal cancer cell lines but are not
common (32). However, decreased TGFBR1 expression levels are frequently observed. In such
cells, reconstitution of TGFBR1 expression has been shown to decrease tumorigenicity (33).
Our search for TGFBR1 tumor-specific mutations led us to the discovery of a polymorphic
allele of the type I receptor, which was first named TβR-Iβ (6A), that has a deletion of three
alanines within a 9-alanine stretch of exon 1 coding sequence (34). In 2003, this variant was
renamed TGFBR1*6A (*6A) to be consistent with the HUGO nomenclature (35). Other rare
polyalanine stretch variants such as *10A, *8A and so on have also been described (36). The
fact that a significantly higher *6A allelic frequency was found among patients with a diagnosis
of cancer than among healthy controls prompted us to postulate that *6A may act functionally
as a tumor susceptibility allele (36). Over the past few years, some studies have confirmed an
association between *6A and cancer, but others have failed to establish any correlation
(37-41). To resolve these discrepancies, we carried out a meta-analysis of all published case–
control studies on *6A, which included 2438 patients with a diagnosis of cancer and 1846
healthy controls. The combined analysis of seven studies showed that *6A allelic frequency
was 28.8% higher among all cancer cases (0.0935) combined than among controls (0.0726)
(P < 0.001) (35). A second updated meta-analysis of 12 case–control studies that included 7850
individuals confirmed these original findings (42). A third meta-analysis that included 6968
cases and 6145 controls was published in 2005 by Zhang et al. (43). The combined analysis
of those 17 case–control studies that included more than 13 000 cases and controls showed that
TGFBR1*6A allelic frequency was 44% higher among all cancer cases (0.082) than among
controls (0.057) (P < 0.0001). Overall, *6A carriers have a 22% (OR 1.22; 95% CI 1.12–1.34)
increased risk of cancer at any site. The overall cancer risk is significantly increased for both
*6A heterozygotes (OR 1.13; 95% CI 1.03–1.24) and homozygotes (OR 2.04; 95% CI 1.49–
2.78). A combined analysis of the six studies assessing *6A in colon cancer cases and controls
indicates that TGFBR1*6A carriers are at increased risk of developing colorectal cancer (OR
1.20; 95% CI 1.01–1.43) (42). Estimates based on these numbers predict that TGFBR1*6A
population attributable risk is 3.2% (0.6–5.8%).

Low-penetrance genes, such as TGFBR1*6A, may also account for a proportion of familial
colorectal cancer cases. To test this hypothesis, we determined whether TGFBR1*6A
contributes to a proportion of mismatch repair gene mutation-negative (MMR−) HNPCC cases.
In that study, 208 index patients with HNPCC meeting the Amsterdam criteria were examined
for mutations and genomic rearrangements in the MLH1, MSH2 and MSH6 genes and
genotyped for TGFBR1*6A; 144 patients (69.2%) carried a deleterious mutation and were
classified as mismatch repair gene mutation-positive (MMR+), i.e. having Lynch syndrome;
64 patients (30.8%) had no evidence of mutations and were classified as MMR−. TGFBR1*6A
allelic frequency was significantly higher among MMR − patients (0.195) than among MMR
+ patients (0.104) (P = 0.011). The proportion of TGFBR1*6A homozygotes was 9-fold higher
among MMR − (6.3%) than among MMR+ patients (0.7%) (P = 0.032) (44). We found that
MMR − *6A homozygotes have a 10-fold higher colorectal cancer risk than MMR − that do
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not carry the *6A allele (Table 1). Our calculations based on published reports suggest that
overall 7% of all HNPCC cases and 13% of MMR − HNPCC cases may be associated with
*6A. These results are in agreement with the recent findings of Kemp et al. (45), who showed
that *6A is not a major colon cancer susceptibility gene with a dominant pattern of inheritance,
co-segregating with cancer in HNPCC families. Rather, they suggest that *6A may act as a
significant modifier of colorectal cancer susceptibility in concert with other, yet to be
discovered genes.

The molecular mechanism by which TGFBR1*6A contributes to cancer development is still
under investigation. Expression of TGFBR1*6A in a TGFBR1-deficient mink lung epithelium
cell line results in reduced TGF-β-mediated antiproliferative response in comparison with cells
that express the wild-type TGFBR1 (36,46). However, the same experiments have shown that
TGFBR*10A, another rare variant, transduces TGF-β growth-inhibitory signals as effectively
as TGFBR1 (36), which suggests that the 6 Ala repeat of *6A has specific biological properties.
In addition, when we expressed *6A in the MCF-7 breast carcinoma cells, we observed that
the cells became growth stimulated upon exposure to TGFB1, whereas cells transfected with
the wild-type form remained growth inhibited (47). More interestingly, one colorectal cancer
cell line, DLD-1, which harbors one *6A allele, was also growth stimulated by TGFB1 (47).
These results suggest that TGFBR1*6A may contribute to tumorigenesis by switching TGF-
β growth inhibitory signals into growth stimulatory signals.

The 9-alanine repeat sequence is part of TGFBR1 signal peptide (47) and is responsible for
targeting the receptor to the membrane. We found that the signal sequences of wild-type
TGFBR1 and TGFBR1*6A were cleaved at the same site, resulting in identical mature
receptors (47) (Fig. 2). Furthermore, expression of *6A with abolished kinase activity
stimulates MCF-7 cell growth in response to TGF-β (47). Therefore, the biological effects of
*6A are mediated by the signal sequence rather than by the mature receptor. After cleavage,
the signal sequence remains in the cytoplasm, where it is likely to modulate specific gene
expression or have other cellular functions (Fig. 2). Hence, *6A is the first example of signal
sequence secondary signaling in cancer.

SMAD MUTATIONS AND ISOFORMS IN COLORECTAL CANCER
TGF-β signaling can also be impaired by deletions or mutations in the SMAD genes, which
encode for proteins that act downstream of the receptors. SMAD4, originally identified as a
tumor-suppressor gene lost in pancreatic cancers called DPC4 (deleted in pancreatic cancer 4)
(48), is mutated in 16–25% of colorectal cancer cases, and alterations of SMAD2 have been
identified in ∼6% of colorectal cancers (10). In fact, SMAD2 and SMAD4 are both localized
at chromosome 18q, a region commonly deleted in colon adenocarcinomas (9). Germline
mutations of SMAD4 cause juvenile polyposis (15) as well as hamartomatous polyposis (49).
Although both Smad2-null and Smad4-null mice die in utero, mice with heterozygous deletion
of Smad4 are predisposed to gastrointestinal polyps that can develop into tumors at later stage
(50), which suggests that Smad4 functions as a tumor suppressor in colorectal cancer
progression. In agreement with these findings, it has recently been shown that TGF-β-induced
epithelial–mesenchymal transition is not dependent on SMAD4, and SMAD4 mainly mediates
the antiproliferative response to TGF-β (51). A recent study showed that mice with selective
loss of Smad4-dependent signaling in T-cells develop spontaneous epithelial cancers
throughout the gastrointestinal tract, including colon and rectum. Interestingly, mice with
epithelial-specific deletion of the Smad4 gene do not have the same phenotype (52). These
results suggest that SMAD4 mediates crosstalk between stromal and epithelial cells, and
interference with this process may eventually lead to cancer.
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SMAD3 mutations in human colorectal cancer are rare (32) and their true pathogenic role has
yet to be defined. Interestingly, mice with loss of Smad3 develop a high frequency of metastatic
colon carcinoma by 6 months of age (53). However, two additional lines of Smad3-deficient
mice do not develop colonic adenocarcinoma (54,55). Recently, it has been reported that
chronic inflammation may explain this discrepancy (56). Smad3-null mice maintained in a
bacteria-free environment did not develop colon cancer for up to 9 months, although infection
of these mice with the Gram-negative enterohepatic bacteria Helicobacter triggered colon
cancer in more than half of the animals, which suggests that bacteria infection plays an
important role in triggering colorectal cancer in the context of gene mutation in the TGF-β
signaling pathway (56).

Smad3 has two phosphoisoforms: one phosphorylated at the C-terminal region (pSmad3C) by
TGFBR1, and the other phosphorylated at the linker region (pSmad3L) by JNK (57). The
pSmad3C is expressed in normal colorectal epithelial cells and inhibits their growth, whereas
pSmad3L is highly expressed in late-stage sporadic colorectal tumors and mediates
mesenchymal cell invasion (57). It has been suggested that during sporadic colorectal
carcinogenesis, tumor cells gain growth advantage through a shift from TGFBR1/pSmad3C-
mediated to JNK/pSmad3L-mediated signaling (58,59).

CROSSTALK BETWEEN TGF-β AND WNT SIGNALING PATHWAYS IN
COLORECTAL CANCER

The APC gene, which encodes a Wnt signaling molecule, is frequently mutated in patients with
FAP and some sporadic colorectal cancer cases. Several mice models carrying different Apc
mutations have been generated and tumors that develop in these mice are similar in histology
but vary in terms of age of onset, number and location (60). Recent studies suggest that TGF-
β and Wnt pathways synergistically promote colorectal tumorigenesis. For example, compound
heterozygous ApcΔ716/+, Smad4+/− mice develop large and invasive intestinal carcinomas not
seen in the ApcΔ716/+ mice (61). Smad4 heterozygosity also increased tumor multiplicity of
the Apc+/N1638 mice (62). Smad2 haploinsufficiency accelerated tumor progression in the
Apc580D mice but had no effect in the ApcΔ716/+ mice (63,64). Another compound mouse model
was generated by crossbreeding Apcmin/+ mice with mice null for Smad3, where Smad-
mediated TGF-β signaling was completely abolished (65). Interestingly, Smad3 deficiency
promoted tumorigenesis only in the distal colon of the Apcmin/+ mice, whereas the proximal
colon was not affected. This supports the notion that proximal and distal diseases in human
sporadic colorectal cancer have different etiologies and respond differently to TGF-β signaling
(65). More recently, Grady and colleagues developed a mouse model by mating Apc+/N1638

mice with mice that are null for Tgfbr2 in the intestinal epithelium (66). They observed that
Tgfbr2 inactivation in the intestinal epithelial cells promoted the transformation and invasion
of tumors initiated by Apc mutation in a cell-autonomous manner (66). In summary, the results
from these mouse models confirm that deregulation of both TGF-β and Wnt signaling cooperate
to drive tumor initiation and progression in vivo. A recent whole-genome analysis of mutated
genes confirms that these two pathways are targeted in colorectal cancer (67).

CONCLUSION
The role of TGF-β in colorectal tumorigenesis has been recognized over the past decade. There
is growing evidence that TGF-β signaling alterations mediated by mutations or polymorphisms
of TGF-β receptors or SMADs contribute to colon cancer development and progression.
However, there are still many unanswered questions. Why is SMAD4 more frequently mutated
in colorectal cancer than SMAD2 and SMAD3? What are the molecular causes accounting for
differences in TGF-β response between normal and transformed intestinal epithelial cells?
What are the downstream targets of TGFBR1*6A? Ongoing advances in understanding the
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involvement of each TGF-β signaling component in colorectal cancer will provide novel
opportunities to target this pathway for the prevention and treatment of colorectal cancer.
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Figure 1.
TGF-β/SMAD signaling pathway. TGF-β (TGFB1, TGFB2 or TGFB3) binds to the type II
TGF-β receptor (TGFBR2: R2), which then binds to the type I TGF-β receptor (TGFBR1: R1)
and forms a heterodimeric complex in which TGFBR1 kinase becomes activated. SMAD2 and
SMAD3 are phosphorylated by activated TGFBR1. Once phosphorylated, they associate with
SMAD4 and move to the nucleus where they act as transcription factors.
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Fig. 2.
Secondary signaling effects of TGFBR1*6A. Amino terminus sequencing has shown that the
polyalanine tract that contains the 3-Ala deletion, which differentiates TGFBR1*6A from
TGFBR1, is part of the signal sequence. Given the fact that TGFBR1*6A and TGFBR1 mature
receptors are identical, the biological actions of TGFBR1*6A are likely due to its signal
sequence secondary signaling effects.
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Table 1
Colorectal cancer risk among HNPCC patients based on TGFBR1*6A status: adjusted ORs for the associations between
MMR mutation status and TGFBR1 genotype

TGFBR1 genotype MMR mutation
status (N = 208)
N (positive/negative)

Crude ORs for MMR –
(95% Cl)a

Dominant model

9A/9A 115/43 1.00

9A/6A or 6A/6A 29/21 1.94 (1.00–3.75)

Additive model

9A/9A 115/43 1.00

9A/6A 28/17 1.62 (0.81–3.26)

6A/6A 1/4 10.70 (1.16–98.4)

Recessive model

9A/9A or 9A/6A 143/60 1.00

6A/6A 1/4 9.53 (1.04–87.1)

a
ORs were adjusted for age at diagnosis and gender. Nine subjects with unknown age or gender were excluded from the analysis.
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