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Summary

Familial adenomatous polyposis (FAP) is a hereditary disease induced by germ-line mutations in the
tumor suppressor APC gene. These initiate the early stages of the adenoma-carcinoma sequence
in familial, but also in sporadic (in 80% to 90%), colon tumorigenesis. We found the presence of
APC-like sequences in bacteria of FAP patients.

We analyzed bacteria isolated from FAP patients’ rectal swabs. Total bacterial DNA was isolated and
analyzed for detection of APC-like sequences using PCR. We also tested DNA homology rate and
APC-like protein production.

We collected blood samples and rectal swabs from patients with confirmed diagnosis of FAP. They
were analyzed for presence of sections from exon 15 of the APC gene. Most positive results were
found in sections located exactly in the area called the MCR (mutation cluster region), where the
highest frequency of APC gene mutations were identified. By sequencing PCR products from bac-
teria in section F-G together with a patient’s DNA sample and human APC gene, we found a more
than 90% DNA homology rate. We also confirmed production of APC-like protein using Western
blotting.

Our results suggested two hypotheses. The APC-like protein might have same function as a trun-
cated APC product, which is synthesized in most cases of mutations of APC gene in the MCR re-
gion in colorectal cancer cells. Alternatively, we can consider the possible existence of horizontal
transfer of genetic information between eukaryotic and prokaryotic cells. Our study can be con-
sidered as a pilot project. For confirmation of our hypotheses, further research is needed.
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BACKGROUND

MATERIAL AND METHODS

Cancers of the digestive tract are among the foremost causes
of mortality, not only in Slovakia, but also worldwide [1].
Familial adenomatous polyposis (FAP) is an autosomal dom-
inant disease characterized by development of hundreds or
thousands of polyps in the gut, with an almost 100% proba-
bility of degeneration into malignant process in the second
decade of life. This disease is induced by germ-line muta-
tions in the tumor-suppressor APC (adenomatous polypo-
sis coli) gene [2], which normally inhibits cell growth. An
inactivating mutation of this gene is also present in up to
75-80% of sporadic colorectal adenomas and carcinomas
[3,4]. The spectrum of these somatic mutations is very sim-
ilar to that of the germ-line mutations [4]. The most com-
mon disease-causing mutations (95% of all known) create
stop codons or frame shifts [5], which result in the lost of
APC protein function, which is a critical event in the pro-
cess of carcinogenesis. The APC coding region consists of
8535 bp and is divided into 15 exons. The majority of the
approximately 700 detected pathogenic APC mutations [6]
occur in exon 15 and over 60% of these are in the region
between codons 1286-1513 [7], also known as the Mutation
Cluster Region (MCR), which accounts for less than 10%
of the coding region [8].

The high concentration of APC gene mutations in region
230 bp raises the question of their genesis. This phenome-
non is frequently explained by the weakening of the region
due to its specific primary DNA structure. There are 2 criti-
cal spots in the MCR region (2 specific hypopolymers sites):
1) sequences AAAAGAAAGA (codons 1307-1311), where
deletion of AAAAG or AAAGA is very frequent; and 2) the
second hotspot mutation is a 1-bp deletion that occurs with-
in the repeat sequence CCTAAAAATAA (bp 4378-4382).
These 2 mutations are very probably induced by a poly-
merase slippage error within repeated nucleotide sites [9].
Another explanation is based on functional definition. Each
mutation in the MCR leads to the synthesis of a truncated
APC product, which is able to provide some residual func-
tion to bind B-catenin despite the lack of any B-catenin de-
grading activity. But for keeping this function it must con-
tain at least the first 20 amino acid repeat domain, so the 5’
border of the MCR is located right after this area imposed
by the necessity of controlling the activity of f-catenin in a
cell cycle-dependent manner [10].

Factors that lead to mutations and tumorigenesis of colorec-
tal cancer are not strictly defined yet, so the need to analyze
them is still very real. The idea that bacteria may play an im-
portant role in the formation and development of colorec-
tal cancer is currently widely accepted [11-14]. Moore re-
ported that 15 bacterial species were significantly associated
with a high risk of colon cancer [15] and other authors have
recently published reports on which microorganisms cause
cancer in humans [16-18]. Based on detection of APC-like
sequences in intestinal bacteria isolated from FAP patients,
we present a new hypothesis/approach regarding the induc-
tion of the APC gene mutation and/or colorectal tumori-
genesis. Presence of foreign DNA sequences (HIV) in bac-
teria have been previously reported [19].

DNA extraction

Genomic DNA was extracted from peripheral blood lym-
phocytes of FAP patients using the QIAamp DNA blood
Kit (Qiagen). Bacteria isolated from rectal swabs were am-
plified overnight in LB medium and bacterial clones were
prepared after dilution on LB agar plates. Bacterial chro-
mosomal DNA was extracted by use of the QIAamp DNA
Kit (Qiagen). Plasmid DNA was isolated with the manual
QIAprep Spin Miniprep Kit (Qiagen).

Primers and PCR

The sequences of the primers used for the APC gene were
described by Groden et al. [2]. PCRs were performed from
approximately 150-200 ng of genomic DNA, 80 mM dNTP,
1 mM 10xPCR buffer (Qiagen), 0.5 U of Taq polymerase
(Qiagen), 10 pmol of each primer, to a total volume of PCR
mixture of 25 pl. DNA samples were amplified using the cy-
cling program: 5 min at 94°C, once; 1 min at 94°C; 1 min
at annealing temperature from 58° to 63°C; 1 min at 72°C,
30 times; and 7 min at 72°C, once.

Direct DNA sequencing

Amplicons were purified by solid-phase extraction and bidi-
rectionally sequenced with the PE Applied Biosystems Big
Dye Terminator Sequencing Kit according to the manufac-
turer’s instructions. Sequencing extensive products were ana-
lyzed on a PE Applied Biosystems ABI-PRISM 310 sequencer.

Analysis of the APC gene expression

Bacterial protein extracts of tested FAP patients were pre-
pared from 15 ml overnight cultures, that were transferred
into 25 ml LB medium with kanamycin and let cultures
grow to optimal optical density. Cultures were divided into
two parts — one with IPTG to final concentration of 1 mM
IPTG/ml and one without IPTG. Both cultures were grown
overnight at 37°C and protein extracts were prepared by
centrifugation at 3000 rpm for 15 min. Pellets were sonicat-
ed and 10 pl of 100 mM PMSF was added and centrifuged
at 13000 rpm for 15 min. Prepared cell extracts were elec-
trophoresed in 10% SDS-PAGE. Bacterial protein extracts
for positive control were prepared similarly from 3 ml of
overnight cultures of clone DE3pLys bearing plasmid with
cloned complete APC gene (paper prepared for publication).

Western blotting

Proteins after electrophoresis were transferred from acryl-
amide gel to nitrocellulose (NC Hybon membrane) over-
night at 50 mA. Membrane was incubated in TBS-T buffer
and blocked using 5% milk for 1 hour at room tempera-
ture. The blocking buffer was removed and the membrane
was washed with TBS-T buffer. Appropriately diluted mouse
monoclonal APC antibody (ALi 12-28, Abcam) and rabbit
polyclonal antibody to APC (ab15270) in TBS-T buffer with
5% milk was added to the membrane and incubated over-
night at 4°C on a shaker with a rocking motion. The mem-
brane was washed with TBS-T buffer and incubated for 1
hour at room temperature in appropriately diluted goat
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Figure 1. PCR analysis of bacterial DNA isolated
from FAP patients determined by primers
15Afor-15Arev. Lines 1-18: 38-1, 38-1-
4,38-1-7,38-1-9, 38-1-12, 38-1-16, 38-
2,38-3,41-1-23,41-1-26,41-1-37, 46-
2,46-4,55-1,55-2, 55-3, 56-1, 56-2; 19:
positive control human DNA of patient
100-5; 20: negative control HB 1071;

21-24: healthy persons 100-5, 77-1,
K17-2-5; 25: marker oX174xHaelll.
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Figure 2. PCR analysis of bacterial DNA isolated
from FAP patients determined by primers
15Dfor-15Drev. Lines 1-18: 38-1, 38-1-
4,38-1-7,38-1-9, 38-1-12, 38-1-16, 38-
2,38-3,41-1-23,41-1-26,41-1-37, 46-
2,46-4,55-1,55-2, 55-3, 56-1, 56-2; 19:
positive control human DNA of patient
100-5; 20: negative control HB 1071;
21-24: healthy persons 100-5, 77-1,

K17-2-5; 25: marker oX174xHaelll.
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Figure 3. PR analysis of bacterial DNA isolated
from FAP patients determined by primers
15Efor-15Erev. Lines 1-18: 38-1, 38-1-
4,38-1-7,38-1-9, 38-1-12, 38-1-16, 38-
2,38-3,41-1-23,41-1-26, 41-1-37, 46-
2,46-4,55-1,55-2,55-3, 56-1, 56-2; 19:
positive control human DNA of patient
100-5; 20: negative control HB 1071;
21-24: healthy persons 100-5, 77-1,

K17-2-5; 25: marker oX174xHaelll.
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Figure 4. PR analysis of bacterial DNA isolated
from FAP patients determined by primers
15Gfor-15Grev. Lines 1-18: 38-1, 38-1-
4,38-1-7,38-1-9, 38-1-12, 38-1-16, 38-
2,38-3,41-1-23,41-1-26, 41-1-37, 46-
2,46-4,55-1,55-2,55-3,56-1, 56-2; 19:
positive control human DNA of patient
100-5; 20: negative control HB 1071;
21-24: healthy persons 100-5, 77-1,

anti-mouse antibody (sc-2005), or goat anti-rabbit IgG-HRP:
s¢-2030 (Santa Cruz Biotech.) in buffer containing 5% milk
respectively. Consequently, the membrane was washed with
TBS-T buffer and ECL solutions were used for visualization.

RESULTS

We collected blood samples and rectal swabs from 15 patients
with a confirmed FAP diagnosis and from 4 healthy persons.
Bacteria isolated from rectal swabs were amplified overnight
in LB medium and each subclone was analyzed for the pres-
ence of APCike sequences using PCR. We analyzed sections
A,D,E, F, G, H, H-], K-N a Q from exon 15 of the APC gene.
As a positive control we used a human DNA sample from a
healthy person. Laboratory strain HB 101 and bacteria isolated
from the gastrointestinal tract of healthy persons (100-5, 77-1,
K17-2-5, 164-1) were used as negative controls in all reactions.

K17-2-5; 25: marker oX174xHaelll.

PCR products from APC gene defined by primers 15Afor-
15Arev were identified in bacteria isolated from patient
38-3 and in bacterial subclone 41-1-23 from patient 41-1
(Figure 1, lines numbers 8, 9). Similar results were ob-
served by analysis of section defined by primers 15Dfor-
15Drev, but PCR product were also found in samples 60-3
and 104-1 (Figure 2, lines numbers 8, 9). By analysis of the
sections 15Efor-15Erev and 15Ffor-15Frev, PCR products
were identified by all samples except for patient 46-2 in both
sections and 96-3 in section 15Efor-15Erev (Figure 3, lines
12). In section 15Gfor-15Grey, positive results were by all
tested samples (Figure 4). Results in section 15Hfor-15Hrev
were positive by samples 38-1, 38-1-4, 38-1-7, 38-1-9, 38-1-12,
41-1-37, 464, 55-1, 55-2, 55-3, 56-1, 56-2, 60-3, 96-3, 155-1
and 104-1 (Figure 5). Number of positive results gradual-
ly decreased in the next sections. In section 15Hfor-15]rev,
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Figure 5. PCR analysis of bacterial DNA isolated
from FAP patients limited by primers
15Hfor-15Hrev. Lines 1-18: 38-1, 38-1-
4,38-1-7,38-1-9, 38-1-12, 38-1-16, 38-
2,38-3,41-1-23, 41-1-26,41-1-37, 46-
2,46-4,55-1,55-2, 55-3, 56-1, 56-2; 19:
positive control human DNA of patient
100-5; 20: negative control HB 1071;
21-24: healthy persons 100-5, 77-1,

K17-2-5; 25: marker gX174xHaelll.

Table 1. Distribution of PCR products positivity synthesized on the template of bacteria isolated from rectal swabs of FAP families members.

Tested regions from exon 15 of APC gene

Patient’s samples
A-A D-D E-E

F-F G-G H-H H-J K-N Q-Q

38-1 - -

+
+

+ + - -

38-1-4 - -

38-1-7 - -

38-1-16 - -

38-2

+ 1+ |+ |+
|
|
|

38-3

41-1

41-1-19

+ 1+ |+ [+
++ |+ [+

41-1-23

41-1-26

41132 - -

41-1-33 - -

I R o e e R N N N N e

41137 - -

o I e B o e o T S

46-2 - -

46-4 - -

55-1 - -

55-2 - -

55-3 - -

++ |+ [+
|
|

56-1 - -

56-2 - -

+
|
|

+ |+ |+

60-3 - +

9-3 - - -

155-1 - -

104-1 - +

N A R A N e A N N e s

e R R R N R
R R e N S
|
|
|

+ |+ |+
|
|

positive results were recorded for samples 38-1, 38-1-7, 41-
1-37, 464, 55-1, 55-2, 55-3, 56-2, 96-3, 155-1 and 104-1. By
analysis of the last two sections results were almost the same
and positivity in section 15Kfor-15Nrev was recorded only
for samples 55-2 and 104-1 and in 15Qfor-15Qrev only one
positive result was observed in sample 55-2. All results are
clearly presented in Table 1.

PCR products from bacteria, respectively from their sub-
clones, from patient 41-1 were sequenced in section F-G

together with the patient’s DNA sample and the sequence
of human APC gene and subsequently compared using the
computer program. The result was more than 95% of the
rate of homology in this section (Figure 6).

In the last part of our project we used seven samples (55-1,
55-2, 55-3, 60-3, 96-3, 104-1, 41-1) for determining the pos-
sible expression of APC-ike sequences, respectively possi-
ble production of APC-like protein. We used Western blot-
ting with monoclonal and polyclonal antibodies for APC
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Figure 6. Comparison of sequences F-G arreas 15
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Figure 7. Western blotting for detection of APC-like protein in
bacteria from rectal swabs of patient 55-1, 55-1, 55-3, 60-3,
96-3, 104-1, 41-1. Line 8: Negative control HB-1071, Line 9:
positive control DE3plys+IPTG.

gene. Protein products were observed in samples 55-3, 60-
3,96-3, 104-1, 41-1 (Figure 7).

DiIscussION

Bacteria isolated from rectal swabs of FAP patients and their
subclones were analyzed for the presence of APClike se-
quences using PCR. We analyzed exons 9 to 14 without PCR
products detection. The PCR products were found in exon
15, in which were analyzed sections A, D, E, F, G, H, H-],
K-N and Q. In bacteria or their subclones isolated from 15
members of 9 FAP families were observed APC-like sequenc-
es mostly in sections E, F, G and H. This is very interesting,
because this part of the APC gene corresponds with MCR.
Moreover, sequencing and subsequent software comparison
showed about 90% of homology with APC gene. For possi-
ble assignment of expression of these sequences, monoclo-
nal and polyclonal antibodies were used, which visualized
protein at about 40 kDa in some samples.

About 90% of tested bacteria were identified as E. coli. Some
clinical studies have explored the association between this

bacterial strain and colorectal cancer. It was proven that
both extracellular and intracellular bacterial counts of E.
coliwere increased in patients with colonic adenoma or car-
cinoma [20]. In another study, increased adherence and
invasion of E. coli was reported in patients with colorectal
cancer and Crohn’s disease [21]. These results might be
considered direct evidence of their intracellular invasion
in these patients.

The presence of APC-like sequences in commensal bacte-
ria of the patients may be hypothetically explained as fol-
lows: 1) genetic information including APC-like sequences
was accepted by bacteria in the intestinal tract from degrad-
ed human cells, in particular by macrophages and lympho-
cytes. Acceptance of new genetic information is a basic fea-
ture of bacteria, because richer genetic material gives them
a better chance to survive. 2) APC-like sequences are an in-
tegral part of intestinal bacteria. They may represent a very
conservative part of the genome; this original primary struc-
ture of the APC gene — the first 14 small exons and the large
15 exon — might also serve as a "matrix“ for formation of tu-
mor suppressor genes in the highest organisms in the evo-
lutionary process.

Possibly a function of APC-like sequences, APC-like protein
might also be explained in other ways. APC is a multifunc-
tional protein [22] involved in cell adhesion [23], polarity,
migration, mitosis, apoptosis, and neuronal differentiation
and plays a key role in so-called B-catenin destruction com-
plex, catalyzing the efficient phosphorylation of B-catenin,
which is subsequently degraded in the proteasome [24].
Therefore inactivation of its physiological function in colon
cancer cells leads to the stabilization of B-catenin, which in
turn gives the cell a permanent mitogenic signal [25,26].
This is the essential mechanism allowing the hyperprolifer-
ation of the epithelial cells of the colon [27-29].

The mutation cluster region (MCR) of the APC gene is lo-
cated within the central part of the open reading frame, in-
cluding the so-called 20 amino acid repeats (20R) that are
B-catenin binding sites. Each mutation in this area leads to
the synthesis of a truncated APC product expressed in a
colorectal tumor. In FAP, one mutated allele is germ-line,
but the sequence of mutational events affecting both alleles
is in this case not a random process [30-32] and we can ob-
serve strong selection for the retention of at least one trun-
cated APC product containing the first 20R (germ-line defect
—loss of heterozygosity or a truncating mutation occurring
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before the first 20R, then the next truncating mutation will
affect the remaining allele after the first 20R). Therefore
the 5" border of the MCR is clearly located just after the first
20R; we have recently shown that it is an important struc-
tural motif allowing truncated APC to keep some residual
control of B-catenin activity [33] for optimal cell prolifer-
ation [34]. The 3’ border of the MCR is less well defined.
But there is also an almost systematic selection for truncat-
ing mutations occurring before the SAMP, probably to pre-
clude the formation of a functional destruction complex by
eliminating the binding sites for axin/conductin [35], which
involve B-catenin degradation. Or the selection might de-
pend on altered B-catenin binding activity to the third 20R,
which contains 2 parts that provide important contact sites
to P-catenin [36,37]. Therefore almost all APC gene muta-
tions that are selected in colorectal tumors lead to the syn-
thesis of truncated APC products that contain a 20R1 ful-
ly competent in B-catenin binding. These facts shows, that
some P-catenin binding activity must be kept and that it is
crucial for the tumour cell [10] and the presence of trun-
cated APC seems essential for optimal cell proliferation
[34], but all the consequences in terms of intracellular sig-
nalling remain still unknown.

On the basis of all these facts we can consider the role of
APC-like sequences, respectively APC-like proteins produced
by bacteria as an alternative origin of truncated APC prod-
ucts. Almost all our samples were positive for the APC-like
sequences in the sections E-E and F-F, which are the partic-
ular regions where the 20R1 is encoded. If APC-like protein
contains this section, respectively B-catenin binding side,
then it is probably able to bind to B-catenin and this con-
trols its ability to activate transcription, just like truncated
APC products. Moreover, because of this interaction, the
binding domains are occupied by these molecules and are
not able to bind with functional APC protein to provide its
physiological function. Thus, APC-like proteins could prob-
ably also operate by the mechanism of competitive inhibi-
tion, which might explain the tumor formation in situations
in which no mutation of APC gene is detected.

Extracellular DNA has already been found in untreated cul-
tures of a variety of micro-organisms [38,39] and in the cul-
ture medium of mammalian cells [40-42]. Furthermore,
extracellular DNA that has been spontaneously released by
bacterial species amenable to genetic transformation has
been shown to be genetically active [39,43]. Anker et al re-
ported that when human cells and bacteria are both pres-
ent together, as can be the case during septicemia, peritoni-
tis, or subclinical inflammation of the gut, human cells can
take up bacterial DNA [44]. Both cellular [45] and nuclear
membranes [46] can be crossed by nuclear material and this
enables it to gain access to the host genome [47]. Thus, bac-
terial DNA transcessing into human cells might have medi-
cal implications, especially in the process of carcinogenesis
[44]. It is possible that the role of bacteria in oncogenesis,
such as demonstrated with helicobacter and gastric MALT
lymphoma or gastric carcinoma [48,49], is underestimat-
ed. Accepted APC-like sequences are not vital for bacteria,
so their mutations are without implications for them. But,
hypothetically, bacteria with mutated APCsequences might
be internalized by human cells, including sperm and oo-
cytes, and mutation could be horizontally transferred by in
vivo DNA hybridization, and consequently integrated into

the human genome where it may create somatic or germ-
line mutations.

CONCLUSIONS

We do not know yet, if confirmation of the presence and
function of APC-ike sequences in bacteria could be benefi-
cial in analyzing the causes of the disproportionate number
of mutations in the APC gene. Our results are quite prelimi-
nary and they can be considered only as hypothesis-generat-
ing because of the limited number of analyzed samples. Our
study is a pilot project and further research is warranted. If
confirmed, this original model could bring new opportuni-
ties in research, diagnostics and even therapy of this disease.

REFERENCES:

—

. Hrcka R, Vavrecka A: Aké st moznosti znizenia imrtnosti na rakovinu
konecnika a hrubého ¢reva na Slovensku? Inter Med, 2002; 4: 230-38
[in Slovak]

. Groden ], Thliveris A, Samowitz W et al: Identification and character-
ization of the familial adenomatous polyposis coli gene. Cell, 1991; 66:
589-600

. Kinzler KW, Vogelstein B: Lessons from hereditary colorectal cancer.
Cell, 1996; 87(2): 159-70
4. Polakis P: The adenomatous polyposis coli (APC) tumor suppressor.
Biochim Biophys Acta, 1997; 1332(3): 127-47
5. Laurent-Puig P, Beroud C, Soussi T: APC gene: database of germline
and somatic mutations in human tumors and cell lines. Nucleic Acids
Res, 1998; 26: 269-70

. Galiatsatos P, Foulkes WD: Familial adenomatous polyposis. Am J
Gastroenterol, 2006; 101: 385-98

. Diergaarde B, Van Muijen GN, Kok FJ, Kampman E: Dietary factors and
the occurrence of truncating APC mutations in sporadic colon carcino-
mas: a Dutch population-based study. Carcinogenesis, 2003; 24: 283-90

8. Miyoshi Y, Nagase H, Ando H et al: Somatic mutations of the APC gene

in colorectal tumors: mutation cluster region in the APC gene. Hum
Mol Genet, 1992; 1(4): 229-33

9. Streisinger G, Okada Y, Emrich J et al: Frameshift mutations and the

genetic code. Cold Spring Harbor Symposia on Quantitative Biology,

1966; 31: 77-84

Kohler EM, Derungs A, Daum G et al: Functional definition of the mu-

tation cluster region of adenomatous polyposis coli in colorectal tu-

mours. Hum Mol Genet, 2008; 17(13): 1978-87

11. Mager DL: Bacteria and Cancer: Cause, Coincidence or Cure? ] Transl
Med, 2006; 4: 14

12. Zur Hausen H: Streptococcus bovis: causal or incidental involvement in
cancer of the colon? Int ] Cancer, 2006; 119(9): 2127-35

13. Rowland IR: The role of the gastrointestinal microbiota in colorectal
cancer. Cur Pharm Des, 2009; 15: 1524-27

14. Kato I, Nechvatal JM, Dzinic S et al: Smoking and other personal char-
acteristics as potential predictors for fecal bacteria populations in hu-
mans. Med Sci Monit, 2010; 16(1): CR1-7

15. Moore WE, Moore LH: Intestinal floras of populations that have a high
risk of colon cancer.Appl Environ Microbiol, 1995; 61(9): 3202-7

16. Dalton-Griffin L, Kellam P: Infectious causes of cancer and their detec-
tion. ] Biol, 2009; 8: 67

17. De Martel C, Franceschi S: Infections and cancer: established associa-
tions and new hypotheses. Crit Rev Oncol Hematol, 2009; 70: 183-94

ro

oo

f=z}

~

10.

(=3

18. Ziegler JL, Buonaguro FM: Infectious agents and human malignancies.
Frontiers Biosci, 2009; 14: 3455-64

19. ZajacV, Matelova L, Liskova A et al: Confirmation of HIV-like sequenc-
es in respiratory tract bacteria of Cambo-dian and Kenyan HIV-positive
pediatric patients. Med Sci Monit, 2011; 17(3): CR154-58

20. Swidsinski A, Khilkin M, Kerjaschki D et al: Association between intraep-
ithelial Escherichia coli and colorectal cancer. Gastroenterology, 1998;
115: 281-86

21. Martin HM, Campbell BJ, Hart CA et al: Enhanced Escherichia coli adher-
ence and invasion in Crohn’s disease and colon cancer. Gastroenterology,
2004; 127: 80-93

CR491



Clinical Research

Med Sci Monit, 2012; 18(8): CR486-492

22.
23.
24.

25.

. Behrens J, Lustig B: The Wnt connection to tumorigenesis. Int ] Dev
27.
28.
29.

30.

33.

34.

35.

Hanson CA, Miller JR: Non-traditional roles for the Adenomatous
Polyposis Coli (APC) tumor suppressor protein. Gene, 2005; 361: 1-12
Bienz M, Hamada F: Adenomatous polyposis coli proteins and cell ad-
hesion. Curr Opin Cell Biol, 2004; 16: 528-35

Schneikert J, Behrens J: The canonical Wnt signalling pathway and its
APC partner in colon cancer development. Gut, 2007; 56: 417-25

Polakis P: Wnt signaling and cancer. Genes Dev, 2000; 14: 1837-51

Biol, 2004; 48: 477-87

Clevers H, Batlle E: EphB/EphrinB receptors and Wnt signaling in
colorectal cancer. Cancer Res, 2006; 66: 2-5

De Lau W, Barker N, Clevers H: Wnt signaling in the normal intestine
and colorectal cancer. Front Biosci, 2007; 12: 471-91

Taketo MM: Wnt signaling and gastrointestinal tumorigenesis in mouse
models. Oncogene, 2006; 25: 7522-30

Lamlum H, Ilyas M, Rowan A et al: The type of somatic mutation at
APC in familial adenomatous polyposis is determined by the site of the
germline mutation: a new facet to Knudson’s ‘two-hit” hypothesis. Nat
Med, 1999; 5: 1071-75

. Rowan AJ, Lamlum H, Tlyas M et al: APC mutations in sporadic colorec-

tal tumors: A mutational ‘hotspot’ and interdependence of the ‘twohits’.
Proc Natl Acad Sci USA, 2000; 97: 3352-57

. Albuquerque C, Breukel C, van der Luijt R et al: The ‘just-right’ signal-

ing model: APC somatic mutations are selected based on a specific lev-
el of activation of the beta-catenin signaling cascade. Hum Mol Genet,
2002; 11: 1549-60

Schneikert J, Grohmann A, Behrens J: Truncated APC regulates the
transcriptional activity of beta-catenin in a cell cycle dependent man-
ner. Hum Mol Genet, 2007; 16: 199-209

Schneikert J, Behrens J: Truncated APC is required for cell prolifera-
tion and DNA replication. Int ] Cancer, 2006; 119: 74-79

Smits R, Kielman MF, Breukel C et al: Apc 1638T: a mouse model de-
lineating critical domains of the adenomatous polyposis coli protein in-
volved in tumorigenesis and development. Genes Dev, 1999; 13: 1309-21

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

. Ha NC, Tonozuka T, Stamos JL et al: Mechanism of phosphorylation-

depen-dent binding of APC to beta-catenin and its role in beta-catenin
degradation. Mol Cell, 2004; 15: 511-21
Xing Y, Clements WK, Le Trong I et al: Crystal structure of a beta-

catenin/APC complex reveals a critical role for APC phosphorylation
in APC function. Mol Cell, 2004; 15: 523-33

. Lorenz MG, Gerjets D, Wakernagel W: Release of transforming plasmi-

dand chromosomal DNA from two cultured soil bacteria. Arch. Microbiol,
1991; 156: 319-26

Sinha RP, Iyer VN: Competence for genetic transformation and the re-
leaseof DNA from Bacillus subtilis. Biochim Biophys Acta, 1971; 232:
61-71

Stroun M, Anker P: Nucleic acids spontaneously released by living
frogauricles. Biochem J, 1972; 128: 100

Rodgers JC, Boldt D, Kornfeld S et al: Excretion of deoxyribonucleic-
acid by lymphocytes stimulated with phytohemagglutinin or antigen.
Proc Natl Acad Sci USA, 1972; 69: 1685-89

Abolhassani M, Tillotson J, Chiao J: Characterization of the release ofD-
NA by a leukemia cell line HL-60. Int ] Oncol, 1999; 4: 41 7-21

Borenstein S, Ephrati-Elizur E: Spontaneous release of DNA in sequen-
tialgenetic order by Bacillus subtilis. ] Mol Biol, 1969; 45: 137-52

Anker P, Zajac V, Lyautey J et al: Transcession of DNA from bacteria to
human cells in culture: a possible role in oncogenesis. Ann N'Y Acad
Sci, 2004; 1022: 195-201

Ivanovna M, Rozenkranz AA, Smirnova O et al: Receptor mediated
trans-port of foreign DNA into preimplantation mammalian embryos.
Mol Reprod Dev, 1999; 54: 112-20

Gersce L: Molecular trafficking across the nuclear pore complex. Curr
Opin Cell Biol, 1992; 4: 637-45

Doerfler W, Orend G, Schubbert R et al: On the insertion of foreign
DNA into mammalian genomes: mechanism and consequences. Gene,
1995; 157: 241-45

Sanders MK, Peura DA: Helicobacter pylori-associated diseases. Curr
Gastroenterol Rep, 2002; 4: 448-54

Suerbaum S, Michetti P: Helicobacter pylori infection. N Engl ] Med,
2002; 347: 1175-86

CR492



