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Abstract
Background & Aims—The APC tumor suppressor is well known for its ability to regulate Wnt
signaling through mediation of β-catenin levels in the cell. Transient over-expression of the tumor
suppressor gene APC in colon cancer cells prevents entry into S-phase of the cell cycle, a phenotype
only partially restored by co-transfection of a transcriptionally active form of β-catenin. In an attempt
to define its transcription-independent tumor suppressor functions, we tested whether APC directly
affects DNA replication.

Methods—A transcriptionally quiescent in vitro DNA replication system, the polymerase chain
reaction, DNA binding assays, and transient transfections in colon cancer cell lines were used to
determine the effects of APC on DNA replication and the mechanism by which it works.

Results—We report that exogenous full-length APC inhibits replication of template DNA through
a function that maps to amino acids 2140–2421, a region of the protein commonly lost by somatic
or germline mutation. This segment of APC directly interacts with DNA, while mutation of the DNA-
binding S(T)PXX motifs within it abolishes DNA binding and reduces inhibition of DNA replication.
Phosphorylation of this segment by cyclin-dependent kinases (CDKs) also reduces inhibition of DNA
replication. Furthermore, transient transfection of an APC segment encoding amino acids 2140–2421
into a colon cancer cell line with mutant APC prevents cell cycle progression into or through S-phase.

Conclusions—Our results suggest that APC can negatively regulate cell cycle progression through
inhibition of DNA replication by direct interaction with DNA.
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Introduction
Mutation of APC is a rate-limiting event in the development of most colorectal tumors, both
inherited and sporadic.1 The APC tumor suppressor gene encodes a large protein of 2843 amino
acids, normally expressed in non-proliferating colorectal epithelium, and essential for
maintaining normal growth control and differentiation. Loss of APC function is associated
with deregulation of several physiologic processes that govern intestinal epithelial cell
homeostasis, including cell cycle control, migration, differentiation, and apoptosis.2

APC is a component of the Wnt signaling pathway and is best known for its ability to down-
regulate β-catenin and its consequent effects on transcriptional regulation. Mutation of APC
alters the transcriptional profile of cells through changes in the expression of genes that encode
proteins such as c-myc and cyclin D1 that promote cell growth,3,4 survivin that inhibits
apoptosis,5 and matrilysin (MMP-7) that mediates differentiation.6 In addition to its role in
regulating β-catenin in Wnt signaling, APC controls cell growth and differentiation through
several transcription-independent mechanisms, including effects on cell adhesion,
microtubules and chromosome dynamics.7–11

Previous publications have shown that introduction of the APC gene into colon carcinoma cells
prevents entry into and/or progression through S-phase of the cell cycle.12–14 Cellular arrest
induced by APC is only partially recovered by cotransfection of oncogenic β-catenin.13 These
data argue that loss of APC confers broader consequences than deregulation of Wnt signaling
and suggest that APC may also function in the transcription-independent inhibition of cellular
proliferation. APC is primarily a cytoplasmic protein, but can shuttle between the nucleus and
cytoplasm;15 nuclear APC and its export may affect β-catenin localization, turnover, and
transcription. For example, nuclear APC counteracts the activation of Wnt target genes by β-
catenin.16 Interestingly, APC directly interacts with genomic DNA. Using fragments of
recombinant APC protein, Deka et al.17 mapped three DNA binding domains within APC: one
within the β-catenin binding and regulatory domain, and two within the carboxyl-terminal third
of the APC protein. These domains contain clusters of repetitive S(T)PXX sequence motifs;
similar to other S(T)PXX-containing proteins, APC binds preferentially to A/T-rich DNA
sequences rather than to a specific DNA sequence.17 Furthermore, the tubulin-binding region
of APC shares high similarity and several common features with the microtubule-associated
protein Tau.18 Tau, as well as other microtubule-associated proteins, interact with DNA and
repress DNA replication.19 These observations led us to investigate the effects of APC on
DNA replication.

As the separation of transcriptional effects of APC from its non-transcriptional effects is
difficult in cell culture experiments, we used an in vitro system that includes Xenopus laevis
egg extract and an exogenously added DNA template to measure the direct effects of APC on
DNA replication.20–23 This cell-free in vitro system is transcriptionally and translationally
quiescent, as the component eggs are collected during maturation when transcription and
translation are not ongoing. Exogenous proteins can be added or endogenous protein depleted
to identify those proteins important for DNA replication. Here, we demonstrate that full-length
APC protein and a specifically defined carboxyl-terminal segment including amino acids
2140–2421 inhibit DNA replication. This occurs by nonspecifically binding of APC to DNA
through S(T)PXX motifs regulated by CDK-dependent phosphorylation. Introduction of this
carboxyl-terminal segment into a colon cancer cell line prevents DNA replication.
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Material and Methods
DNA constructs

APC cDNA was excised from the pEGFP-APC expression vector13 and subcloned into the
yeast expression vector pYES2/NT (Clontech). Segments of APC previously cloned into
pEGFP (Clontech) were also excised and subcloned directionally into the pYES2/NT using
BamHI and NotI to generate smaller protein-coding segments of APC. Smaller regions of the
carboxyl-terminus of APC (APC4) were generated by PCR using the Pfu thermostable DNA
polymerase (Stratagene) with primers that inserted BamHI and NotI sites at the 5’ and 3’ ends
respectively of each segment, and by subcloning into pYESB. Mutant isoforms of APC4-2 were
generated using the PCR-based QuickChange site-directed mutagenesis kit (Stratagene).
Primer sequences are listed in supplementary table1.

Protein expression and purification
Recombinant proteins were purified after overexpression in S. cerevisiae strain JEL1 using a
procedure described by Qian et al.24 Protein was quantified using Bradford analysis;
concentrations of protein samples were equalized using dialysis buffer.

Cell-free in vitro replication assay
X. laevis egg extract for the replication assay was prepared as described in Crowe and Barton.
23 X. laevis egg extracts support DNA replication and progression into S-phase upon addition
of exogenous DNA template and formation of functional, synthetic nuclear organelles.20, 21,
23 DNA replication assays were carried out in 125 µl reaction volumes containing the
following: 500 ng of pBluescript DNA, 18 µg creatine kinase, 1.5 µM creatine phosphate, 1.25
µCi α 32P dCTP, 1.2 µM DTT, 0.5 µM MgCl2, and 12.5 nM EGTA pH 7.2. Replication
reactions were carried out at room temperature for 20 minutes, stopped using 30 µl of 10%
SDS and 7.5 µl of 20 mg/mL proteinase K, and incubated overnight at 37°C. After phenol/
chloroform extractions, reactions were subjected to electrophoresis.

PCR and agarose gel electrophoresis
PCR mixtures (25 µl) contained: 4 mM dNTP, 100ng 5’ and 3’ primer, 1 U of Pfu DNA
polymerase, 50 ng of DNA template and APC segments at different concentrations. A 2000
bp DNA fragment encoding human APC 4-1 in the pYESN/T2 vector was used as template.
PCR conditions were as follows: one cycle of 95°C for 2 min, 25 cycles of 95°C for 40s, 56°
C for 30s, 68°C for 2 min and one final cycle at 68°C for 2 min. Reactions were analyzed by
agarose gel electrophoresis.

Electrophoretic mobility shift assays
Gel shift assays were performed as described.17 For agarose gel-shift experiments, 1 µg of
plasmid DNA (pBluescript) was incubated with purified proteins for 30 min, electrophoresed
in 1.5% agarose and visualized by ethidium bromide-staining. For polyacrylamide gel-shift
experiments, an oligonucleotide was 5' end-labeled using 32P-ATP polynucleotide kinase.
Varying APC protein concentrations were incubated with 2 nM labeled oligonucleotide (see
supplementary table 1) for 30 min on ice. Reaction products were separated on non-denaturing
8% polyacrylamide gels and analysed using a Typhoon 9400 phosphorimager and ImageQuant
software.

Kinase assays
In vitro kinase assays used recombinant CDK1/cyclin B, CDK2/cyclinA (New England
Biolabs) in 30 µl of manufacturer’s kinase buffer plus 100 µM ATP. Reactions were incubated
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at 30°C for 30 minutes and terminated. Protein phosphorylation was determined using anti-
phospho-threonine-proline mouse mAb (Cell Signaling Technology).

Cell culture, transfections and bromodeoxyuridine labeling
The colorectal cancer cell line SW480 was cultured at 37°C using Dulbecco’s modified Eagle’s
medium and 10% FBS (Hyclone). Transfections were performed using Lipofectamine 2000
(Invitrogen) as per manufacturer’s recommendations. BrdU labeling was performed as
described.13

Results
APC inhibits DNA replication in vitro in a dose-dependent manner

Previous work has demonstrated the strong inhibitory effects of full-length APC and the shorter
β-catenin-binding regions of APC on entry into S-phase of the cell cycle in cancer cell lines.
12–14 To identify transcription-independent functions of APC in tumor suppression, we tested
whether APC could inhibit DNA replication in vitro. X. laevis egg extracts support DNA
replication and progression into and through S-phase upon addition of exogenous template,
such as pBluescript, and formation of functional, synthetic nuclear organelles.20,21,23 DNA
replication reaches a plateau at approximately two hours and can be measured by incorporation
of [32P]--dCTP into newly synthesized DNA. Replicated, labeled DNA is separated by
electrophoresis and visualized by autoradiography. This assay has been used successfully by
others to define other DNA replication effectors.25, 26, 27

His-tagged full-length APC (2843 amino acids) or β-galactosidase was expressed and purified
from a yeast expression system using a nickel column.24 The addition of recombinant full
length APC to the X. laevis egg extracts inhibits replication of pBluescript in comparison to
recombinant β-galactosidase (Figure 1A). The inhibitory effects of 100 ng, 150 ng and 200 ng
of APC were measured by densitometry and found to reduce DNA replication by 57%, 66%
and 73%, respectively, to control protein, demonstrating a dose-dependent inhibition of DNA
replication. The effect of APC on replication is independent of gene expression, as
cyclohexamide is added during the preparation of extracts23.

To localize the region of APC responsible for this inhibition, we divided APC into four non-
overlapping segments that roughly encompass putative functional domains (Figure 1B). Each
protein segment, APC1 (1–760), APC2 (761–1339), APC3 (1340–2139) and APC4 (2140–
2843), was expressed and purified as previously described.24 A truncated APC protein,
designed to mimic a common germline APC mutation in familial adenomatous polyposis coli
(FAP) families, was also expressed and purified. This truncated protein (APC1309) lacks the
carboxyl-terminal of APC from amino acids 1310 to 2845. Using the cell-free replication assay,
only APC4, the carboxyl-terminal segment of APC, inhibited DNA replication, while other
segments and truncated APC had no effect (Figure 1 C and D). These results suggest that the
region within APC that confers the ability of the tumor suppressor to inhibit DNA replication
resides within the carboxyl-terminus. This region of APC is almost uniformly deleted by
truncating mutations of APC in most colorectal tumors, sporadic or familial.

Inhibition of DNA replication is determined by amino acids 2140–2421 within the carboxyl-
terminus of APC

To define further the domain responsible for replication inhibition, the carboxyl-terminal
segment of APC was divided into smaller overlapping and non-overlapping segments named
APC4-1, 4-2, 4-3, and 4-4 (Figure 2A). These His-tagged proteins were expressed, purified
(Figure 2B) and tested for their ability to inhibit DNA replication in vitro (Figure 2C). APC4-1
and APC4-2 inhibited DNA replication as effectively as APC4 (Figure 2 C and D). APC 4-2
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produced an average 78% reduction in replication compared with β-galactosidase, as measured
by densitometry (22% +/− 18% vs 100% +/−23%) (P<0.05) (Figure 2C and D). The other
segments of APC4, APC4-3 and APC4-4, had no effect on DNA replication. Thus, the ability
of APC to suppress DNA replication maps to amino acids 2140–2421. Interesting, this domain
of APC has similarity to the microtubule-associated protein Tau, known to repress DNA
replication.17

APC amino acids 2140–2421 inhibit DNA replication by directly binding to DNA
The conservation of mechanism between DNA amplification by the polymerase chain reaction
(PCR) and semi-conservative DNA replication allows PCR amplification to be used as a simple
method of determining the role of a given protein in replication.19 Therefore, we used PCR to
simulate DNA replication to validate and extend our previous experiments. Purified APC
segments were added to PCR mixtures before initiation by enzyme addition. Histone H1, a
DNA-binding protein that binds to DNA nonspecifically to represses both DNA replication
and transcription, was used as a positive control. Separation of PCR products by agarose gel
electrophoresis shows that the yields of synthesized DNA decrease as the quantitative ratio
([Protein]/[DNA]) of APC 4, APC 4-1 and APC 4-2 to template DNA increase (Figure 3A).
In contrast, APC 4-3 and APC 4-4 have no effect on DNA synthesis in PCR (Figure 3A).

To investigate the mechanism by which the APC carboxyl-terminus inhibits DNA duplication
in vitro, we tested whether DNA replication is inhibited by the interaction of APC and DNA
or by the interaction of APC and DNA polymerase. In competitive PCR, using threshold
conditions in which DNA replication is completely repressed, the addition of competitor
dsDNA gradually rescues repression and permits the generation of PCR products (Figure 3B).
Competitor dsDNA, interacting with APC, releases the DNA template from associated APC
fragments. Under similar conditions, histone H1 is bound to competitor dsDNA and dissociated
from the DNA template to permit PCR reaction (Figure 3B). These results suggest that the
repression of DNA replication is due to direct DNA-binding of APC protein fragments, but
not to interactions between APC and polymerase, either directly or indirectly.

Considering that APC can bind to nonspecific DNA sequences,17 we hypothesized that APC
inhibits DNA replication via its carboxyl-terminus by directly binding to DNA. To confirm
this, we evaluated the ability of APC to alter the electrophoretic mobility of plasmid DNA
through an agarose gel in the presence of purified APC protein fragments. In this assay, DNA
mobility was retarded in the presence of three APC fragments: APC4, APC4-1, and APC4-2,
but not in the presence of APC4-3 or 4-4 (Figure 4A). We also tested the binding of APC
segments to different radiolabelled oligonucleotides using polyacrylamide gel electrophoresis.
The electrophoretic mobility gel-shift assay clearly revealed the binding of APC4-1 or APC4-2
but not APC4-3 to single-strand (Figure 4B) and double-strand DNA (data not shown).

Mutation of the S(T)PXX binding motifs located within amino acids 2140–2421 reduces the
inhibition of DNA replication

Clusters of so-called S(T)PXX motifs are often found in DNA-binding proteins like histone
H1, RNA polymerase, and gene regulatory proteins.17 Full-length APC contains a total of 51
S(T)PXX motifs (43 SPXX and 8 TPXX, with at least one X as K, R, Y, S, T, A, L or P) that
comprise five DNA binding clusters of S(T)PXX motifs; two proximate repetitive motifs are
necessary for DNA binding.17 These five S(T)PXX clusters are located within amino acids
1360–1383 (4 S(T)PXX motifs), 2244–2286 (5 S(T)PXX motifs), 2323–2371 (5 S(T)PXX
motifs), 2449–2488 (5 S(T)PXX motifs), and 2760–2792 (3 S(T)PXX motifs). There are two
clusters of five S(T)PXX motifs located within the DNA replication-inhibitory domain of
amino acids 2140–2421 (Figure 5A).
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To determine whether these motifs affect the direct interaction of APC with DNA and are
required for its inhibitory effect on replication, we tested the ability of mutated APC4-2 to alter
DNA replication. APC4-2 segments with S(T)PXX motifs in either or both clusters were
changed to AAXX motifs by site-direct mutagenesis as shown in Figure 5A (APC4-2mA,
APC4-2mB and APC4-2mAB). His-tagged APC4-2 mutants were expressed and purified from
yeast. The proteins were shown by Coommasie blue staining to be >90% purified and validated
by western blotting (Figure 5B). Compared with wild-type APC4-2, the mutated APC4-2
proteins had significantly reduced binding affinities for DNA and decreased inhibitory effects
on DNA replication (Figure 5C and D). Interestingly, the reduction of binding affinity and
effects on DNA replication are proportional to the number of sites mutated within the clusters
of S(T)PXX motifs.

Phosphorylation of APC 4-2 by cyclin dependent kinase (CDK) reduces the inhibition of DNA
replication

APC is a phosphoprotein that can be phosphorylated by many kinases, including GSK3β,
MAPK, cyclin-dependent kinases (CDK), protein kinase A, casein kinase I and II, and
calmodulin kinase.2 Eleven cyclin-dependent kinase (CDK) consensus phosphorylation sites
(S/T)PX(R/K) are present in full length APC,28 four of which within amino acids 2140–2421,
and three of which overlapping the secondary cluster of S(T)PXX motifs (Figure 6A and
Supplementary Figure 2). As proteins with S(T)PXX motifs exhibit reduced binding to DNA
when modified by phosphorylation of Ser or Thr residues,29 we speculated that
phosphorylation of APC by CDKs may regulate the ability of APC to bind DNA and
subsequently alter DNA replication. To test this, APC4-2 was phosphorylated in vitro by
recombinant CDK, and tested for its ability to bind DNA and affect replication. In the presence
of ATP, purified APC4-2 was phosphorylated by both CDK1 or CDK2 in vitro (Figure 6B).
Phosphorylated APC4-2 reduced its binding to DNA and its inhibition of PCR (Figure 6C and
D). The inhibition of DNA replication by APC can be repressed by CDK phosphorylation.

Overexpression of APC 4-2 negatively regulates cell cycle progression from the G1 to S-
phase

To test the effects of the carboxyl-terminus of APC on DNA replication and cell cycle
progression in cultured cells, a colon cancer cell line (SW480) expressing truncated APC (1–
1309) was transfected with GFP-tagged carboxyl-terminal segments of APC or GFP alone,
and cultured in medium including bromodeoxyuridine (BrdU) as a marker for DNA replication
and S-phase entry and progression. All GFP-tagged carboxyl-terminal segments were
expressed after transfection, although GFP-tagged APC4-2 expressed less than GFP-tagged
APC4-3 or APC4-4 (Figure 7A and D). BrdU was added 24 hours after transfection and cells
were grown another 16 hours before fixation. Cells were stained with an antibody specific for
BrdU and evaluated by fluorescence microscopy (Figure7B). While the majority of cells
transfected with GFP, GFP-APC4-3 or GFP-APC4-4 displayed clear BrdU staining indicative
of DNA synthesis (75.7% +/− 7.1%, 71.0% +/− 5.6%, 79.7% +/− 4.9%, respective), a
significantly lower percentage of cells transfected with GFP-APC4-2 (44.3% +/− 8.5%) stained
positive for BrdU (P <0.05 compared with GFP control) (Figure 7C). In contrast, cells
transfected with GFP-APC4-2mAB, encoding the APC4-2 segment with mutated S(T)PXX
motifs in both clusters (Figure 5A), displayed a higher percentage of BrdU staining than those
transfected with GFP-APC4-2 (60.9% +/− 3.4% verses 42.2% +/−3.4%, P<0.05). These results
demonstrate that APC4-2 can alter cell cycle progression by inhibiting DNA replication via
DNA binding.
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Conclusions
The APC tumor suppressor is remarkably versatile, with multiple functions and distinct
subcellular destinations. The relationship between the subcellular localization of APC and its
role as a tumor suppressor is not well understood but is of significant interest. Although the
majority of APC resides in the cytoplasm, normal but not mutant APC has been detected in
the nuclei of some epithelial cell types.30 Consistently, two functional nuclear localization
signals (NLS) and four nuclear export signals (NES) have been identified within APC.31, 32
APC shuttling between the nucleus and cytoplasm may actively transport β-catenin and
therefore provide a more finely tuned mechanism to regulate β-catenin degradation or control
of transcription.33 32, 34 In addition, nuclear APC associates with DNA; the consequences of
this association remain elusive, although specific APC binding to the promoter of the C-Myc
proto-oncogene has been observed.16 Our data demonstrate that APC inhibits DNA replication
in a transcription-independent manner by directly binding to DNA. This activity maps to a
region of the protein distinct from that responsible for β-catenin binding and down-regulation,
separating this activity from its role in Wnt signaling and suggesting a novel tumor suppressor
function of APC.

Mutation of the APC tumor suppressor gene occurs in the development of most colorectal
tumors.2 The majority of mutations in APC are chain-terminating and confined to its central
region called the mutation cluster region (MCR); these mutations result in the expression of
truncated proteins lacking the normal carboxy-terminus.2 These truncated proteins lack the
domains of APC responsible for interactions with axin, β-catenin, microtubules, the
microtubule-binding protein EB1, SIAH-1, and DLG-1.35,36,9,37,38–40 Our results map the
DNA replication-inhibiting effect of APC to the carboxyl-terminus, suggesting that the loss of
this ability contributes to tumorigenesis associated with APC mutation by truncation. Although
a small percentage of colorectal tumors are characterized by activating mutations of β-catenin
rather than loss-of-function of APC, these tumors may carry other gene mutations or signaling
pathway alterations that affect DNA replication.

Our studies further delineate the domain responsible for DNA replication inhibition to amino
acids 2140–2421 in the carboxyl-terminus. This region of APC is enriched in basic amino
acids, with a high content of arginine, lysine and proline residues in a stretch of approximately
200 amino acids between residues 2200 and 2400. This region also mediates the direct
interaction of APC with microtubules.41, 42 In addition, amino residues from 2244 to 2312
show high similarity to Tau,18 a microtubule-associated protein capable of repressing DNA
replication by binding to DNA.19 Therefore, APC may inhibit DNA replication in a manner
similar to Tau. The overlap of the DNA-binding and microtubule-binding domain of APC
raises intriguing questions. Is the binding competitive or synergistic? Does the interaction with
microtubules or DNA regulate the shuttling of APC between the nucleus and the cytoplasm?
If so, what is the regulation mechanism? All these questions require further investigation.

S(T)PXX motifs bind preferentially to A/T-rich DNA sequences and require at least two
proximal repetitive motifs for DNA binding.29,43 S(T)PXX motifs may neutralize the negative
charges on the inside of a DNA superhelix and thus stabilize superhelical bending. Consistent
with this, mutation of the S(T)PXX motifs within APC4-2 may diminish the ability of the
motifs to neutralize negative charges of DNA, as DNA binding and DNA replication inhibition
are dramatically reduced. Another advantage of S(T)PXX motifs for DNA binding is that the
strength of this interaction can be modified by serine or threonine phosphorylation.29 Four
CDK consensus phosphorylation sites (S/T)PX(R/K) are located within amino acids 2140–
2421 of APC; three sites overlap the S(T)PXX motifs. Phosphorylation of APC4-2 by CDKs
weakens DNA binding and replication inhibition, suggesting that the APC-mediated DNA
replication repression may be regulated by CDKs during the cell cycle. Consistant with this,
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cyclin-CDK inhibits the cell-cycle blocking activity of APC following co-microinjection into
NIH 3T3 cells.29

Our data show that the APC tumor suppressor inhibits DNA replication via its carboxyl-
terminus and by direct binding to DNA, although we cannot completely eliminate the
possibility that APC may also interact with proteins critical to replication or that regulate DNA
replication. Previous work by our group and others has shown that APC inhibits cell growth
by blocking entry into and/or progression through S-phase of the cell cycle.12, 13 APC controls
entry into S-phase partially through its ability to regulate the cyclin D/RB pathway by
disrupting β-catenin-mediated transcription.3, 4, 13, 14 Other lines of evidence suggest that APC
also affects proliferation in a β-catenin-independent manner. First, cell cycle arrest caused by
overexpression of APC in the colorectal cancer cell line SW480 cannot be completely
counteracted by oncogenic β-catenin or relieved by a dominant negative TCF transcription
factor.13 Second, β-catenin activity is presumably not affected by APC in the colorectal cancer
cell line HCT116 that contains wild-type APC and oncogenic β-catenin, yet the addition of
exogenous APC affects cell growth in these cells.13 Third, the ability of APC to block cell
cycle progression from G0/G1 to S-phase in NIH3T3 cells, presumably wild-type at the
mAPC locus, is independent of RB and, by extension, β-catenin12. Fourth, disruption of the
APC/hDLG (the human homologue of the Drosophila tumor suppressor Dlg) complex,
independent of β-catenin, interferes with the ability of APC to block cell cycle progression in
NIH3T3 cells,44 although it remains unknown whether hDLG functions downstream of APC.
Additionally, dominant negative mutant hDLGs only partially block APC-induced cell cycle
arrest, arguing for the existence of other β-catenin-and hDLG-independent effect(s) of APC
on cell cycle progression.44 Our cell culture assay using BrdU labeling shows that
reintroduction of amino acids 2140–2421 of APC into SW480 cells partially restores the
negative regulation of full length APC on cell cycle progression from the G1- through S-phase.
These results support the idea that another tumor suppressor function of APC may be to regulate
DNA replication directly.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CDK cyclin-dependent kinase

DLG discs large protein

EB1 end binding protein1

FAP familial adenomatous polyposis coli

GSK3β glycogen synthetase kinase 3β

Ni-NTA nickel-nitrilotriacetic acid

CDK cyclin-dependent kinase.
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Figure 1. APC inhibits DNA replication in vitro in a dose-dependent manner
A. APC inhibits DNA replication in vitro in a dose-dependent manner. Representative results
from an in vitro DNA replication assay. Replicated, labeled DNA is separated by
electrophoresis and visualized by autoradiography. The final concentration of protein in each
assay is indicated above the autoradiogram.
B. Schematic diagram of four nonoverlapping APC segments containing unique amino acids
and functional domains.
C. The carboxyl-terminus of APC inhibits DNA replication in vitro. Representative results
from an in vitro DNA replication assay. Replicated, labeled DNA is separated by
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electrophoresis and visualized by autoradiography. The final concentration of proteins in each
assay was 200 nM.
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Figure 2. Inhibition of DNA replication is conferred by amino acids 2140–2421 within the carboxyl-
terminus of APC
A. Schematic diagram of four APC carboxyl segments containing amino acids are shown below
the protein segments.
B. Coomassie blue staining of purified APC segments. Purified proteins were separated by
10% SDS-PAGE and stained with Coomassie bright blue.
C. Representive in vitro cell free DNA replication assay of purified APC segments. Replicated,
labeled DNA is separated by electrophoresis and visualized by autoradiography. The final
concentration of protein in each assay was 200 nM.
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D. Quantitation of the replicated DNAs from three independent experiments, as shown in C.
Asterisks denote significant difference (P<0.05 verses β-gal.).

Qian et al. Page 14

Gastroenterology. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. The carboxyl-terminus of APC (amino acids 2140–2421) inhibits the polymerase chain
reaction (PCR) by directly affecting the DNA template
A. Agarose gel electrophoregsis of PCR products generated in the presence of APC carboxyl
terminal segments at different quantitative ratios of [protein]/[DNA (bp)] (ratios between the
number of protein molecules and number of DNA base pairs). Histone H1 and BSA were used
as positive and negative controls, respectively. PCR products were separated by 1% agarose
gel electrophoresis and visualized by ethidium bromide staining.
B. Generation of PCR products is restored by addition of competitive dsDNA. The generation
of PCR products was gradually restored when competitive dsDNA was added to the PCR
mixture and bound to the repressing protein. The quantitative ratios of [DNA template],
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[protein] and [competitive DNA] are shown above each panel. The quantitative ratios of [DNA
template]:[protein]:[competitive DNA]=1:1:1 are equivalent to 20 (DNA) bps: 1 protein
molecule: 20 (DNA) bps for APC 4-1 and APC 4-2, and to 75 (DNA) bps: 1 protein molecule:
75 (DNA) bps for histone H1.
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Figure 4. APC binds directly to DNA
A. Agarose gel electrophoresis of pBluescript plasmids with recombinant proteins. Plasmid
DNA was incubated in the absence (control) and presence of the corresponding proteins at
different quantitative ratios, separated by 1.5% agarose gel electrophoresis and visualized by
ethidium bromide staining. The quantitative ratios of [DNA]/[protein] shown above each panel
represent the ratios between the number of DNA base pairs and the number of protein
molecules.
B. Gel mobility shifts of radioactively labeled oligonucleotides. A radiolabelled 68-base single-
stranded oligonucleotide (2 nM) was incubated with protein as noted, separated by 8% PAGE,
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and analyzed by phosphorimager. The protein concentrations from lane 1 to 8 are: 0, 18.75,
37.5, 75, 150, 200, 250, 300 nM, respectively.
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Figure 5. Mutation of DNA-binding motifs within APC impede DNA binding and inhibition of
replication
A. Schematic diagram of S(T)PXX binding motifs within APC 4-2 and the sites altered by
mutations. Mutation sites are indicated with stars.
B. Coomassie blue staining and western blotting of purified mutant APC segments. Purified
proteins were separated by 10% SDS-PAGE, stained with Coomassie bright blue (upper panel)
and probed with a monoclonal anti-His antibody (lower panel).
C. Gel mobility shifts of radioactively labeled oligonucleotides in the presence of wild-type or
mutant APC4-2. A radiolabelled 68-base single-stranded oligonucleotide (2 nM) was incubated
with the corresponding proteins, separated by 8% PAGE and analyzed by phosphorimager.

Qian et al. Page 19

Gastroenterology. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The protein concentrations from low to high are: 0, 18.75, 37.5, 75, 150, 200, 250, and 300
nM, respectively.
D. Agarose gel electrophoresis of PCR products prepared in the presence of wild-type or mutant
APC4-2 at different quantitative ratio of [protein]/[DNA (bp)] as Figure 3A. PCR products
were separated using 1% agarose gel electrophoresis and visualized by ethidium bromide
staining.
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Figure 6. CDK phosphorylation of APC reduces DNA binding and inhibition of replication
A. Schematic diagram of S(T)PXX binding motifs and CDK consensus phosphorylation sites
within APC4-2. Arrows represent S(T)PXX binding motifs and triangles represent CDK
consensus phosphorylation sites.
B. Western results of APC 4-2 phosphorylation by CDKs. Purified APC4-2 proteins were
incubated with CDK1 or 2 in the absence (control) and presence of ATP, separated by 10%
SDS-PAGE, and probed with a anti-phospho-threonine-proline monoclonal antibody (upper
panel) or a monoclonal anti-His antibody (lower panel).
C. Gel mobility shifts of radioactively labeled oligonucleotides in the presence of
phosphorylated or nonphosphorylated APC4-2. A radiolabelled 60-base single-stranded
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oligonucleotide (2 nM) was incubated with the corresponding proteins, separated by 8% PAGE
and analyzed by phosphorimager. The protein concentrations for each sample are: 0, 50, 75,
100, and 125 nM, respectively.
D. Agarose gel electrophoresis of PCR products prepared in the presence of phosphorylated
or nonphosphorylated APC4-2 at different quantitative ratio of [protein]/[DNA] as in Figure
3A. PCR products were separated using 1% agarose gel electrophoresis and visualized by
ethidium bromide staining.
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Figure 7. Overexpression of APC 4-2 negatively regulates cell cycle progression from G1- to S-
phase
A and D. Lysates from SW480 cells transfected with GFP, GFP-APC4-2, GFP-APC4-2mAB,
GFP-APC4-3 and GFP-APC4-4 were examined by western blotting using an anti-GFP
antibody.
B and E. SW480 cells transfected with GFP, GFP-APC4-2, GFP-APC4-2mAB, GFP-
APC4-3 or GFP-APC4-4 were cultured in medium containing BrdU for 16 hours. The cells
were stained with an anti-BrdU antibody and examined by fluorescent microscopy.
Magnification, 400X.
C and F. The percentage of BrdU-positive cells was calculated by counting at least 100 cells
for each of three experiments. Values are the mean+/−SE of these three experiments. Each bar
represents BrdU incorporation for the cells transfected as indicated on the X-axis. The asterisks
denotes a significant difference (P<0.05 verses GFP only, P<0.05 verses GFP-APC4-2mAB).
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