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Abstract

TGFBR1*6A is a common hypomorphic variant of the type | transforming growth factor (TGF)-$
receptor (TGFBR1), which transduces TGF-f growth inhibitory signals less effectively than
TGFBR1. Recent studies suggest that TGFBR1*6A confers a selective growth advantage to both
normal appearing and cancerous epithelial cells in the presence of TGF-B. We have previously shown
that TGFBR1*6A is somatically acquired in head and neck and colon cancer (10). Using
microdissected tissues, we show that TGFBR1*6A is somatically acquired by stromal and epithelial
cells adjacent to colorectal and head and neck tumors. Somatic acquisition of the TGFBR1*6A allele
is not accompanied by acquisition of other tumor-specific mutations. Furthermore, lymphocytes
located within the stroma or the normal appearing epithelium do not have evidence of TGFBR1*6A
acquisition. The highest TGFBR1*6A/TGFBR1 allelic ratio is observed at the tumor's edge, and
traces of TGFBR1*6A are detected as far as 2 cm away from the tumor, which is suggestive of
centrifugal spread of cells that harbor TGFBR1*6A. Assessment of CDH1 and CDH2 expression
does not indicate epithelial-mesenchymal transformation. The results suggest that TGFBR1*6A
somatic acquisition is a critical event in the early stages of cancer development that is associated
with field cancerization. They also represent the first human report of somatically acquired altered
stromal TGF-p signaling during oncogenesis and the first report of a concordant mutation in the
stromal and epithelial compartments in colon cancer.

INTRODUCTION

Cancers arise frequently in epithelial tissues such as those of the aerodigestive tract where

constant proliferation is necessary to provide a continued supply of newly differentiated cells.
Replacement of the mature cells in these tissues is tightly regulated by a small population of
self-renewing stem cells, which gives rise to proliferating progenitor cells that undergo limited
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rounds of mitotic division leading to differentiation and loss or further proliferating ability
(1). The main signaling pathways regulating morphogenesis in early embryogenesis, like the
Whnt, Notch, Hedgehog and TGF- pathwaysm, are directly or indirectly involved in the
development and progression of most carcinomas (2). For example, almost all colorectal cancer
cases show aberrant activation of the Wnt pathway, predominantly because of inactivating
mutations of the APC gene (3). Similarly, germline and somatically acquired mutations in
several constitutive genes of the TGF-p signaling pathway have been implicated in the
development and progression of various forms of aerodigestive cancer (4). Whether some of
these genetic alterations are acquired by tissues other than epithelial tumor tissues is largely
unknown.

TGFBR1*6A is a common variant of the type | transforming growth factor (TGF)-p receptor
(TGFBR1) (5). Using mink lung epithelial cell lines that are devoid of endogenous type | TGF-
f3 receptor, two groups of investigators have shown that mink cells transfected with
TGFBR1*6A, compared with TGFBRL, are impaired as mediators of TGF-f antiproliferative
signals (6,7). A meta-analysis of 13 113 cases and controls has shown that TGFBR1*6A carriers
have an overall 22% increase in cancer risk. TGFBR1*6A predisposes to the development of
breast, colorectal, ovarian and prostate cancer (8,9). This allele is emerging as a common tumor
susceptible alleles as 14% of the general population carries at least one copy of TGFBR1*6A
(8). Analysis of tumors and matched normal tissues has shown that TGFBR1*6A is somatically
acquired in ~2% of primary head and neck and colorectal tumors as well as in 30% of colorectal
cancer metastases (10). However, the same study did not show evidence of TGFBR1*6A
somatic acquisition in breast cancer, suggesting that this genetic event occurs only in certain
tumor types. TGFBR1*6A somatic acquisition appears to be a stochastic event, which confers
tumor cells that carry this allele a selective growth advantage in the presence of TGF-p as it
switches TGF-p growth inhibitory signals into growth stimulatory signals (10). It is unknown
whether TGFBR1*6A somatic acquisition is tumor-specific and whether TGFBR1*6A is
acquired before the development of cancer or concomitantly with the emergence of cancer.

We obtained a series of unstained, histological sections from the tumor of three of the four
previously identified patients with colon cancer and evidence of TGFBR1*6A somatic
acquisition within the tumor tissue (10). The tumor of one patient had microsatellite instability
(MSI-H), the other two did not (microsatellite stable, MSS) and both had germline TGFBR1/
TGFBR1 genotype as assessed by genotyping DNA extracted from peripheral blood
lymphocytes. Microdissection of stroma and normal epithelium adjacent to the colon tumors
followed by DNA extraction and genotyping by direct sequencing showed that TGFBR1*6A
alleles were present in both stromal and normal epithelial cells up to 2 cm away from the tumor
(Fig. 1). The results were confirmed by repeated polymerase chain reaction (PCR)
amplification followed by cloning and sequencing of the PCR products. To rule out the
possibility of tumor tissue contaminating the microdissected samples of stroma and normal
epithelium, we searched the microdissected tissues of the tumor for the tumor-specific frame
shift poly(A) tract TGFBR2 mutations, a frequent occur-rence in MSI-H colorectal cancer
(11). As expected, we found that the polyadenine tract was mutated in the tumor, but neither
in the stroma nor in the normal epithelium adjacent to the tumor (Fig. 1). To more precisely
identify which cell types surrounding the tumor had acquired TGFBR1*6A, we performed laser
capture microdissection (LCM) of epithelial, stromal (fibroblasts) and lymphoid cells
surrounding colorectal tumor tissue with evidence of TGFBR1*6A acquisition. Both epithelial
and stromal cells (fibroblasts) had evidence of TGFBR1*6A acquisition, but lymphoid cells
did not, confirming the presence of TGFBR1/TGFBR1 germline genotype (Fig. 1). To
determine whether somatic acquisition of GCG repeats was specific to TGFBRL1 as previously
observed in colorectal and head and neck tumors, we searched the microdissected stromal and
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epithelial tissues for mutations of the GCG repeat sequences of three other genes: GDF11,
STK39 and HLXB9 (10). None of the tissues analyzed had evidence of GCG repeat sequence
mutation, demonstrating that TGFBR1*6A somatic acquisition by stromal and epithelial cells
is not associated with a mutator phenotype, similar to what was observed in both head and neck
and colon cancer epithelial tumor cells.

We then obtained a series of unstained, histological sections from the tumor of three of the
four previously identified patients with head and neck cancer and evidence of TGFBR1*6A
somatic acquisition within the tumor tissue (10). We microdissected tumor cells (Fig. 2A and
B), stromal cells (Fig. 2A and C) and histologically ‘normal’ epithelial cells adjacent to the
tumor (Fig. 2D and E) from individual slides to avoid contamination. Additionally, normal
epithelium (Fig. 2F and G) and stroma (Fig. 2F and H were isolated from the right true vocal
cord located 1 cm lateral to the tumor edge to further exclude the possibility of microscopic
contamination. Histopathological examination showed the absence of tumor cells in stroma as
well as in normal squamous epithelium. PCR amplification followed by cloning of the PCR
product and sequencing of the clones demonstrated the presence of TGFBR1*6A alleles in the
tumor, immediately juxtaposed ‘normal’ squamous epithelium and stroma, as well as in
adjacent true vocal cord epithelium and stroma. To again exclude the contamination of stroma
and normal epithelium by tumor tissue, we searched for mutations of TP53, one of the most
commonly targeted genes in head and neck cancer (12). We identified a TP53 747G>A silent
substitution in the tumor of one of the three patients examined. As shown in Fig. 2l, this
somatically acquired substitution was present only in the tumor of the patient, not in the distant
or adjacent stroma, nor in the adjacent epithelium. Using three informative polymorphic
markers (D175796, D17S513, TP53 AC/GT), we also established that there was no TP53 LOH
at 17p13, which is consistent with a neutral TP53 mutation that is not subject to selective
pressure.

In a fourth patient with head and neck cancer and evidence of somatically acquired
TGFBR1*6A, germline tissue had been obtained by biopsy of normal appearing epithelium
more than 2 cm away from the tumor (10). Genotyping of DNA extracted from this tissue
showed a TGFBR1/TGFBR1 genotype with a barely identifiable TGFBR1*6A peak. The
TGFBR1*6A peak height was at least 40 times lower than that of TGFBR1. Upon sequencing
of multiple clones of the PCR product, we identified traces of TGFBR1*6A alleles. This was
in striking contrast to the near equivalent TGFBR1*6A and TGFBR1 peak heights identified
in the tumor. This prompted us to quantify the ratios of TGFBR1*6A/TGFBR1 alleles in the
various tissues examined. We therefore established a standard curve using various molar ratios
of pPCMV5-TGFBR1*6A-HA and pCMV5-TGFBR1-HA plasmids and amplified them by
PCR with exonic primers covering TGFBR1 exon 1 GCG repeat sequence. We assessed the
relative levels of TGFBR1*6A and TGFBRL1 as peak heights. The correlation coefficient of
expected (molar ratio) versus measured (peak height) amounts of TGFBR1*6A and TGFBR1
was 0.875, validating this measurement method for TGFBR1*6A/TGFBRL ratios ranging from
0.2 to 5.0 (Fig. 3). Having demonstrated the feasibility of this approach to assess the relative
proportion of TGFBR1*6A and TGFBR1 alleles, we investigated their ratios in patients' tissues.
We found that germline TGFBR1*6 A/TGFBR1 samples from peripheral blood specimens had
comparable TGFBR1*6A/TGFBR1 molar ratio of ~1.0, whereas TGFBR1*6A/TGFBR1*6A
and TGFBR1/TGFBR1 samples had molar ratios at the upper end of the curve and close to
zero, respectively (Fig. 3). Analysis of DNA extracted from the tissues obtained by LCM shown
in Fig. 1d a ratio of TGFBR1*6A/TGFBRL1 ranging from virtually 0 for lymphocytes, 0.13 for
epithelial cells, 0.48 for fibroblasts and 0.72 for tumor cells (Fig. 3). Similarly, there were only
traces of TGFBR1*6A in the predominantly TGFBR1/TGFBR1 germline genotype obtained
more than 2 cm away from the tumor edge from one of the patient with head and neck cancer
(Fig. 3). On the contrary, the tumor genotype of the same patient had a TGFBR1*6A/
TGFBR1 ratio of 0.6 (Fig. 3). Additional samples of microdissected stromal, epithelial and
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tumor tissues from each of the other patients consistently showed higher TGFBR1*6A/
TGFBR1 ratios in tumor tissues compared with stromal and epithelial tissues. Therefore, the
presence of the somatically acquired TGFBR1*6A allele in normal epithelial and stromal cells
surrounding the tumor appears to be inversely proportional to the distance from the primary
tumor, suggestive of tumor-centered centrifugal growth.

Epithelial-mesenchymal transformation (EMT) is a process whereby epithelial cell layers lose
polarity and cell-cell contacts and undergo a dramatic remodeling of the cytoskeleton (13).
EMT occurs during critical phases of embryonic development and many parallels are found
between this process in embryonic development, in tissue culture and in tumors. For example,
in colorectal adenocarcinoma, invasion involves the release of single cells by a process that
involves EMT in the zone of the tumor that is progressing within the stroma (14,15). Several
member of the TGF-B family of growth factors can initiate and maintain EMT in various
biological systems through activation of several signaling pathways and transcriptional factors
(16). For example the TGF- signaling pathway synergizes with Ras to induce EMT in culture
and metastasis in mouse models indicating the pivotal role of the TGF-p signaling pathway in
these phenomena (17). Two of the hallmarks of EMT are loss of E-cadherin (CDH1) and
overexpression of N-cadherin (CDH2). To test the hypothesis that TGFBR1*6A somatic
acquisition by stromal and epithelial cells is associated with EMT, we assessed CDH1 and
CDH2 expression in the tissues of four patients with evidence of TGFBR1*6A somatic
acquisition, two with colorectal cancer and two with head and neck cancer. As shown in Fig.
4, CDH1 was overexpressed in both tumor types. On the contrary, we did not find any evidence
of CDH2 overexpression (Fig. 4). These findings strongly suggest that the acquisition of
TGFBR1*6A by normal appearing epithelial and stromal cells in colorectal as well as head and
neck cancer is not caused by EMT.

DISCUSSION

Recent molecular findings support a multiphase carcinogenesis model in which the
development of ‘a field” with genetically altered cells plays a central role (18). In the initial
phase, a stem cell acquires genetic alterations and forms a “‘patch’, a clonal unit of altered
daughter cells. These patches can be recognized on the basis of somatically acquired mutations,
loss of heterozygosity, microsatellite alterations and chromosomal instability. This
phenomenon termed as ‘field cancerization’ has been reported for several types of cancers,
including head and neck (19,20), breast (21,22), esophagus (23) and colon (24). Conversion
of a patch into an expanding field is the next critical step in epithelial carcinogenesis. Additional
genetic alterations are required for this step, and by virtue of its growth advantage, a
proliferating field gradually displaces the normal mucosa. A field lesion has a monoclonal
origin, and does not show invasive growth and invasive behavior, the hallmark criteria of
cancer. It has been shown that genetically altered cells in a field show a high proliferative
capacity, as determined with Ki-67 staining (25). Such fields have been detected with
dimensions of up to 7 cm in diameter in the mucosa of the head and neck as well as the
esophagus (26,27).

The data presented in this report indicate that TGFBR1*6A is somatically acquired in a small
proportion of primary colorectal and head and neck cancers by normal appearing epithelial
cells. The absence of cancer-specific mutations in normal epithelial cells and stromal cells
corroborated by LCM experiments virtually exclude the possibility of contamination as an
explanation for our findings. The findings also strongly suggest that TGFBR1*6A acquisition
by surrounding fibroblasts is not the result of EMT but rather because of the growth advantage
in the presence of TGF-f bestowed to epithelial and stromal cells as previously shown in mink
lung epithelial (7), breast cancer and colon cancer cells (10). Hence, our results are consistent
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with the novel concept that TGFBR1*6A somatic acquisition is an early genetic event,
associated with field cancerization in both colorectal cancer and head and neck cancer.

Concordant allelic losses and mutations have been previously described in epithelial and
stromal compartments in breast and head and neck cancer (20,22,28). One report suggests that
somatically acquired genomic alterations are rather common in breast cancer and may portend
a poor prognosis (22). With respect to colorectal cancer, our findings provide support for the
model proposed by Brabletz et al. (1) and suggest that a common cancer stem cell may give
rise to epithelial carcinoma cells, stromal cells as well as normal appearing epithelial cells,
which spread in a centrifugal fashion from the tumor site. To the best of our knowledge, our
findings also constitute the first report of a concordant mutation in the stromal and epithelial
compartments in colorectal cancer. A potentially crucial role for altered stromal TGF-f
signaling during oncogenesis has been highlighted by the discovery that mice that harbor an
inactivated type Il TGF-p receptor (Tgfbr2) develop intraepithelial neoplasia of the prostate
and invasive squamous cell carcinoma of the forestomach (29). A recent report has further
highlighted the relevance of altered stromal TGF-p signaling with respect to colorectal cancer
development by demonstrating that stromal inactivation of the type Il bone morphogenetic
protein receptor (BMPR2), a member of the TGF-p signaling pathway family, leads to
colorectal polyp overgrowth and polyp formation (30).

One report has shown concordant regions of loss of heterozygosity but discordant TP53
mutations in the epithelial and stromal compartment of colon cancer (31) and other reports
have shown somatically acquired stromal genetic alterations in juvenile polyposis (32) as well
as stromal and epithelial genetic alterations in ulcerative colitis (33). Our results constitute the
first report of a somatically acquired TGF-B pathway mutation by stromal cells in cancer and
provide a strong support for the notion that TGF-p signaling pathway alterations within the
tumor microenvironment contribute to cancer development and progression. They provide the
first evidence in humans that hypomorphic TGF- signaling within the stroma may be involved
in colon cancer development. The overall frequency of TGFBR1*6A somatic acquisition in
primary tumors is low (1.8-2.5%), but appears to be much higher in colorectal cancer liver
metastases (30%). Six out of six tumors with evidence of TGFBR1*6A somatic acquisition
also had evidence of acquisition of TGFBR1*6A by stromal and normal appearing epithelial
cells. This provides strong preliminary evidence that TGFBR1*6A somatic acquisition is
predominantly not tumor specific. Additional studies of primary and metastatic colorectal and
head and neck tumors are needed to confirm our findings and to determine whether
TGFBR1*6A somatic acquisition correlates with prognosis and metastatic progression. These
results also provide a strong rationale to study the role of TGFBR1*6A-mediated signaling in
stromal cells as it relates to the development of cancer.

MATERIALS AND METHODS

Sample acquisition

All tumor tissue samples were obtained from patients enrolled in Investigation Review Board
(IRB) approved protocols at Northwestern Memorial Hospital in Chicago and The James
Cancer Hospital and Solove Research Institute in Columbus as described previously (10).

Microdissection, LCM and DNA extraction

Microdissection and DNA extraction—Sections of formalinfixed, paraffin-embedded
head and neck and colorectal tissues were cut at 7 um and DNA prepared following tissue
microdissection from the slides as previously described (34). Pure populations of normal
appearing epithelial cells, stromal cells and lymphoid cells were obtained by LCM using a
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Pixcell Il LCM (Arcturus Bioscience Inc., Mountain View, CA, USA) and DNA extracted
according to the manufacturer's instructions (35).

TGFBR1, TGFBR2, TP53 genotyping and TP53 loss of heterozygosity assessment

TGFBR1 exon 1 was amplified by PCR using the Advantage-GC genomic polymerase mix
(BD Biosciences Clontech, San Jose, CA) and the following primers: 5'-
GAGGCGAGGTTTGCTGGGGTGAGGCA-3' and 5'-
CATGTTTGAGAAAGAGCAGGAGCGAG-3'. TP53 exon 7 was amplified using the
following primers: 5-CCTCATCTTGGGCCTGTGTT-3' and 5'-
GTGGCAAGTGGCTCCTGAC-3'. TGFBR2 exon 3 that contains the (A)1g repeat was
amplified using the following primers: 5-CCTCGCTTCCAATGAATCTC-3' and 5'-
TTGGCACAGATCTCAGGTCC-3' for TGFBR2. PCR amplification was carried out in
standard buffer, 2.0 mmol/l MgCl, 0.25 mmol/I dNTPs, 25 pmol of each primers, 1 unit of
Taq polymerase and 100 ng DNA per 25 pl reaction. TP53 LOH analysis was performed using
four dinucleotide polymorphic markers, two markers mapped to 17p13 (D17S796 and
D17S513), and two markers spanning the TP53 gene (TP53 AC/GT and TP53 D1/D2). A
standard PCR containing gamma [32P]-ATP end-labeled forward primer, analysis of PCR
products on denaturing polyacrylamide sequencing gels, and scoring of LOH on
autoradiograms was performed as described previously (34). Data were collected using an ABI
377 automated DNA sequencer, analyzed with Genescan software, and allelic imbalance
determined using GeneScan/Genotyper software (Applied Biosystems, Foster City, CA).
Either the oligonucleotide sense primer for each amplimer set was synthesized with 5'-FAM,
-TET or -HEX fluorescent labels, or unlabeled primers were utilized and products were labeled
during amplification with appropriate fluorescent nucleotides. A TAMRA-Iabeled fluorescent
internal size standard was included with each experimental sample.

GCG-rich genes—To investigate whether the deletion of GCG repeats within TGFBR1 was
gene specific or associated with generalized genomic instability, we identified and sequenced
other genes containing a similar sequence as described previously (10).

Cloning and sequencing—PCR products were cloned into the pCR 2.1 vector (Clontech).
Automated sequencing of ten clones was performed to determine the presence/absence of
TGFBR1*6A and TP53 747G>A as well as the length of the polyadenine tract of TGFBR2.
Microsatellite instability assessment was performed as described previously (10).

Plasmid construction—TGFBR1-HA and TGFBR1*6A-HA were cloned into the pPGEM1
plasmid (Promega, Madison, WI) with the initiator ATG codon in the context of a ‘Kozak
consensus’ sequence as described previously (10).
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Figure 1.

Hematoxylin and eosin stained colonic tumor block section from a patient with *9A/*9A
germline genotype (peripheral blood lymphocytes) and evidence of *6A acquisition by
microdissected normal epithelial cells, stromal cells and tumor cells. The patient's tumor
exhibited microsatellite instability (MSI-H). Only *9A alleles were found in tissue
lymphocytes (right middle quadrant) confirming the *9A/*9A germline genotype of the
patient. The TGFBR2 polyadenine tract is mutated in the tumor (8A) (left lower quadrant) but
neither in the stroma (10A) (right lower quadrant) nor in the normal colonic epithelium (10A)
(right upper quadrant) showing the absence of tumor cell contamination in microdissected
stroma and normal epithelium. The findings were confirmed by genotyping of DNA extracted
by Laser Capture Microdissection from epithelial cells, fibroblasts and lymphoid cells.
Genotyping results were confirmed by cloning of the PCR product and sequencing of at least
ten clones. Each quadrant contains representative sequences of the clones.
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Figure 2.

(A) Hematoxylin and eosin stained section used as histological control for tumor and stroma
from a patient with *9A/*9A germline genotype (peripheral blood lymphocytes) and *9A/*6A
tumor genotype. (B) Tumor cells: consecutive section stained with toluidine blue; stromal and
inflammatory cells surrounding the tumor have been removed. (C) Stromal cells: consecutive
section stained with toluidine blue; all tumor cells have been removed. (D) Hematoxylin and
eosin stained section used as histological control for ‘normal’ epithelium directly adjacent to
the tumor. (E) ‘Normal’ squamous epithelium: consecutive section stained with toluidine blue;
tumor, stromal and inflammatory cells have been removed. (F) Hematoxylin and eosin stained
section used as histological control for adjacent normal epithelium and stroma of the right true
vocal cord located 1 cm lateral to the tumor. (G) Normal squamous epithelium of the right true
vocal cord located 1 cm lateral to the tumor: consecutive section stained with toluidine blue;
stromal and inflammatory cells have been removed. (H) Stromal cells of the right true vocal
cord located 1 cm lateral to the tumor: consecutive section stained with toluidine blue; all
normal squamous epithelium has been removed. (I)A TP53 747G>A silent substitution was
identified in the tumor DNA, but not in the adjacent normal epithelium or stroma DNASs.
Nucleotide sequence electropherograms representing a region of TP53 exon 7 amplified from
isolated distant normal epithelium, distant stroma, or adjacent stroma DNA samples. The arrow
points to a nucleotide substitution in TP53 at position 747 for the tumor DNA.
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@® Measured pCMV5-TGFBR1*6A/TGFBR1 plasmid ratios ranging from 0.2 to 5.0.

—— Standard curve: y = 1.167 x + 1.274, R2 = 0.875

@ Measured allelic ratios from DNA extracted from patients' peripheral blood with TGFBR1/TGFBR1 (9A/9A),
TGFBR1*6A/TGFBR1 (6A/9A), TGFBR1*6A/TGFBR1*6A (BA/BA).

@ Laser capture microdissected tumor cells (T), lymphocytes (L), fibroblasts (F) and normal appearing eptihelial
cells (E) from a patient with TGFBR1/TGFBR1 germline DNA and TGFBR1*6A somatic acquisition within the tumor.

@ Patient with head and neck cancer and evidence of somatically acquired TGFBR1"6A. Microdissected normal
epithelium (E) sampled more than 2 cm away from the tumor edge. Microdissected tumor tissue (T).

Figure 3.

Various molar ratios (0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 5.0) of pCMV5-TGFBR1*6A-HA and
pCMV5-TGFBR1-HA constructs were amplified by PCR. Using a genotype TGFBR1*6A and
TGFBR1, amplicons were separated based on their size (107 bp for TGFBR1*6A and 115 bp
for TGFBR1) and the measured TGFBR1*6 A/TGFBR1 peak height ratios (y-axis) were plotted
against the expected peak heights (x-axis): black circles. The correlation coefficient (R?) was
0.875. DNA extracted from patients' tissues was analyzed in the same manner and the resulting
TGFBR1*6A/TGFBRL ratios plotted using the formula derived from the standard curve: y =
1.167x + 1.274, R? = 0.875.
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Figure 4.

CDHZ1 expression was assessed by immunohistochemistry in colorectal cancer tissue (upper
left panel) and head and neck cancer (upper right panel) with evidence of TGFBR1*6A somatic
acquisition. The brown colored areas reflect CDH1 expression. CDH2 expression was assessed
by immunohistochemistry in the same tissues: colorectal cancer (left lower panel) and head
and neck cancer (right lower panel). There was no evidence of CDH2 overexpression.
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