




Figure 5.4
A comparison of APC distribution in cells/tissue in which APC NLS/importin-α import is 
suspected to be blocked.  A) Intestinal epithelia from the colon of APC mNLS-/-.  B) APC 
mNLS-/- MEF cells.  C) HCT116βw cells UV irradiated 3 hours after release from 
aphidicolin block
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The observation that APC is not translocated to the nucleus during a majority of the 

cell cycle and dramatically accumulates in the nucleus at the late S and G2 phases 

implies that APC may have a specific role in the nucleus at this time.  It is possible 

that APC performs a specific task in the G2/M DNA damage checkpoint.  

Alternatively, APC may play a role in the homologous repair of DNA double-strand 

breaks.  Generally double-strand DNA breaks are produced by ionizing radiation 

while UV irradiation is associated with pyrimidine dimer formation (3).  However, 

during DNA replication, UV-induced DNA lesions can result in stalled replication 

forks which can lead to double-strand breaks (36).  If the nuclear accumulation of 

APC is a response to a specific type of DNA damage, in this case double-strand 

breaks, an increased level of UV-induced double strand breaks in late S-phase may 

create the appearance of cell cycle specificity.  To determine if APC accumulation in 

the nucleus was in response to double strand breaks, unsynchronized HCT116βw 

cells were exposed to ionizing radiation to induce DNA double-strand breaks in cells 

of all phases of the cell cycle.   

One of the earliest cellular events associated with DNA double-strand breaks 

is a serine phosphorylation of the histone H2A variant H2AX to create γH2AX.  

γH2AX accumulates at sites of DNA damage within minutes of exposure to ionizing 

radiation (37).  An antibody to γH2AX was used to verify that double-strand breaks 

had occurred following exposure to γ-irradiation and to serve as a marker for the 

location of the repair foci.  As expected, there was little visible γH2AX in un-

irradiated HCT116 cells (Figure 5.5).  In contrast the HCT116 cells that were exposed 
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to γ-irradiation displayed prominent nuclear staining of γH2AX, which localized to 

sub-nuclear foci (Figure 5.5).  APC localization was examined 20, 40 and 60 minutes 

after γ-irradiation.  In the irradiated cells, APC displayed both a nuclear and 

cytoplasmic distribution that was indistinguishable from the non-irradiated control 

cells.  Furthermore, the APC staining that was visible in the nucleus did not coincide 

with the γH2AX marker for double stand break repair foci (Figure 5.5).  

While these results do not rule out the possibility that APC plays a role in 

some aspect of the cellular response to DNA double strand breaks, they support that 

UV induced double-strand breaks are not the reason for the nuclear targeting of APC.  

It is therefore more likely that the observed accumulation of APC in the nuclear 

compartment is specific to a mechanism involved in G2/M checkpoint of the cell 

cycle.   

 

APC localization to the nucleus is transient  

 Importin-α localizes to the nucleus within 30 minutes of UV irradiation (32).  

If the nuclear accumulation of APC precedes the nuclear accumulation of importin-α, 

it is possible that the classical nuclear import pathway may still play a role in the 

nuclear targeting of APC.  To evaluate how long APC is targeted to the nucleus, 

synchronized HCT116βw cells were exposed to UV irradiation and fixed at different 

time intervals following UV exposure.  APC localization in cells that were fixed 20 

and 30 minutes after UV irradiation revealed a nuclear and cytoplasmic localization 

pattern that did not differ significantly from APC in the sham-irradiated control cells  
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Figure 5.5
APC distribution in HCT116 cells exposed to ionizing-irradiation.  Unsynchronized 
HCT116βw cells were exposed 10Gy of γ-irradiation to induce DNA double-strand breaks.  
Cells were fixed 40 minutes (above) and 60 minutes (data not shown) after irradiation and 
stained with rabbit anti-APC M2 and mouse anti-γH2AX (to visualize DNA double-strand 
breaks) DNA was visualized with DAPI.  Images were captured using a Nikon TU2000 
microscope equipped with a Letiga EXI camera (Q Imaging) and analyzed using Phylum Live
software. Scale bar = 3μm.
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(Figure 5.6).  It was not until 40 minutes after UV irradiation that APC was observed 

to be targeted to the nucleus.  APC was observed to reach a maximal level of nuclear 

accumulation approximately  40 minutes following exposure to UV (Figure 5.6).  One 

hour after UV irradiation, APC appeared to be redistributed back to the cytoplasm in 

most cells (Figure 5.6).   

 APC did not accumulate in the nucleus until 40 minutes after UV irradiation.  

Importin-α is reported to be completely translocated to the nuclear compartment prior 

to 40 minutes following cellular stress implying that cytoplasmic importin-α would be 

unavailable to bind to and facilitate the nuclear targeting of APC (32).  The targeting 

of APC to the nucleus that we observed in cells treated with UV light was also 

transient.  The nuclear accumulation of APC was only clearly seen during a short 

window of time, between 30 and 50 minutes following exposure to UV irradiation.  

 

APC localization to the nucleus occurs only in sub-confluent cells 

 In the course of characterizing the accumulation of nuclear APC in cells 

exposed to UV light, it became clear that the cellular density at the time of UV 

exposure influenced the response of APC.  Cells exhibited far less nuclear 

accumulation of APC when grown more densely on the coverslips prior to UV 

irradiation.  In completely confluent cultures, there was often no visible nuclear 

accumulation of APC in any of the cells.  Cultures approaching confluency often 

displayed nuclear targeted APC only at the periphery of the slide where cells were the 

least dense (Figure 5.7).  Initially it was hypothesized that more confluent cultures did  
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Figure 5.6
Analysis of APC distribution in UV-irradiated and sham-irradiated cells at various points 
following irradiation.  Cells were synchronized using aphidicolin block and released 4 
hours before being UV/sham-irradiated.  Cells for images were fixed the indicated 
amount of time following irradiation and stained with rabbit anti-APC M2 antibody.  
DNA was visualized with DAPI.  Images were captured on a Nikon TU2000 microscope 
equipped with a Letiga EXI camera (Q Imaging) and analyzed using Phylum Live
software.  Scale bar = 3μm.



APC                          APC/DAPI

Figure 5.7
APC distribution in confluent and sub-confluent cells.  Images of cells from different regions 
of the same 22x22mm glass coverslip.  Cells were synchronized by aphidicolin block and 
released for 4 hours prior to UV-irradiation.  Cells were fixed 40 minutes after irradiation 
and stained with rabbit anti-APC M2 antibody.  DNA was visualized with DAPI.  Scale bar 
= 7μm.
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not synchronize as well as sub-confluent cultures or that confluent cells did not 

resume progress through the cell cycle at the same rate as sub-confluent cells.  

However it was observed using flow cytometry that aphidicolin treated cells did 

synchronize, even when cells were confluent (data not shown).   

 The nuclear localization of APC was previously observed to be affected by 

cell density (38).  However, it was determined that increased cell density altered 

phosphorylation of the APC NLSs leading to increased nuclear translocation through 

the importin-α pathway (38).  Because it is probable that UV induced nuclear import 

occurs through an importin-α-independent pathway, this previously described 

mechanism of cell density controlled nuclear targeting is not necessarily applicable.  

However, this does not rule out the possibility that similar post-transcriptional 

modifications to the APC protein also mediate the nuclear accumulation of APC 

following UV irradiation.  The hsc70 protein has been shown to accumulate in the 

nuclear compartment of HeLa cells following heat shock through an NLS/importin 

independent mechanism (35).  The nuclear targeting of hsp70 was also inhibited in 

confluent cells (34), further supporting a cell density regulated modification of stress 

related nuclear import.       

  

APC displays a mobility shift following UV irradiation 

 In an attempt to better define a function for nuclear targeted APC, APC was 

immunoprecipitated (IP) from the lysates of cells that had been exposed to UV 

irradiation.  Western blots revealed that nearly all of the APC in the lysates from both 
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the UV irradiated cells and the non-irradiated control cells immunoprecipitated with 

beads conjugated to a specific anti-APC antibody while little to no APC could be 

detected in the protein eluted from the IgG-conjugated control beads (data not 

shown).   

The western blot of APC from non-irradiated control cells produced the 

expected band at 312 kDa representing full length APC (Figure 5.8).  This was not 

the case for the cells exposed to UV irradiation.  APC antibody detected a band from 

UV irradiated cell lysates that migrated slower than the full length APC from non-

irradiated cells.  It appeared that APC from the lysate of UV-irradiated cells was 

immobilized in the well and at the interface between the stacking gel and the 

resolving gel (Figure 5.8).  When proteins were resolved on a 4-12% gradient gel to 

eliminate the stacking gel interface, two distinct APC bands could be resolved in the 

UV-irradiated lysate (Figure 5.9).  Cell lysates from the UV-irradiated cells were 

treated with DNase, RNase, shrimp alkaline phosphatase or all three enzymes to 

determine if the observed APC mobility shift was due to a specific interaction 

stimulated by UV-induced DNA damage.  The mobility shift of APC could not be 

completely reversed with any of the treatments (Figure 5.9).   

To determine if the observed mobility shift occurred specifically in cells that 

displayed APC accumulation in the nucleus, cell lysates were prepared from cells that 

were UV or sham-irradiated either 2 or 4 hours after release from aphidicolin.  Cells 

released from aphidicolin block for two hours were predominantly in early S-phase 

and showed no nuclear accumulation of APC when exposed to UV light (Figure 5.3).    
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Figure 5.8
Western immunoblot probed with rabbit anti-APC M2 antibody.  HCT116βw cells were 
synchronized using aphidicolin block and released for 4 hours prior to sham or UV-
irradiation.  Cell lysates were prepared 40 minutes after irradiation.  IP was preformed with 
protein A beads conjugated to APC specific antibody (rabbit anti-APC M2).  Proteins were 
resolved on a 7% polyacrylimide gel with a 3% stacking gel.

 
 

230



UV   Cont.   UV   Cont.    UV   Cont.  UV   Cont.

Untreated

lysate

Phosphatase

treated

DNase

treated

RNase

treated

well

APC

 
 

231

Figure 5.9
Western immunoblot probed with rabbit anti-APC M2 antibody.  HCT116βw cells were 
synchronized using aphidicolin block and released for 4 hours prior to sham or UV-
irradiation.  Cell lysates were prepared 40 minutes after irradiation and resolved on a 4-12% 
gradient gel. Lysates were treated with 2μL of shrimp alkaline phosphatase (Roche), DNase
(Invotrogen) or a 10mg/mL stock of RNase A in a 25μL volume on ice for 30 minutes.



Western blot analysis of lysates from cells irradiated following a two hour release 

from aphidicolin block revealed a mobility shift for APC that was identical to the 

shift observed when cells were irradiated 4 hours after release from aphidicolin block 

(Figure 5.10).  The observation that the mobility shift was not limited to the G2/M 

phase of the cell cycle suggests that this APC modification is unrelated to the nuclear 

targeting of APC.  Furthermore, when control cell lysate from the non-irradiated cells 

was exposed to UV light, the 312 kDa APC band displayed the same mobility shift 

seen in lysates from UV irradiated cells (Figure 5.10).  The observation that APC 

mobility is shifted in the absence of intact cells and in the absence of intact DNA 

implies that the observed shift is an artifact of UV irradiation rather than a specific 

interaction due to the cellular response to DNA damage.  It is possible that APC 

formed a UV-induced crosslink to another cellular molecule upon exposure to UV 

light.  Another possibility is that a UV-crosslink was induced within the polypeptide 

chain of APC and prevented APC from completely denaturing prior to being loaded 

on the gel.  The mobility shift of APC in response to UV irradiation is previously 

unreported and currently uncharacterized.   

It is important to note that whatever induces the observed APC mobility shift 

also occurs in the cells in which APC nuclear accumulation is observed.  Because the 

nature of the mobility shift is undefined, the effect on the cellular function of APC is 

unknown.  If amino acid residues were cross-linked within the APC polypeptide 

chain, there may have been no resulting alteration in the globular structure.  This type 
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of modification could, in theory, have resulted in little to no cellular effect. It is 

unlikely  
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Figure 5.10
Western immunoblot probed with rabbit anti-APC M2 antibody.  HCT116βw cells were 
synchronized using aphidicolin block and released for 4 hours prior to sham or UV-
irradiation.  Cell lysates were prepared 40 minutes after irradiation and resolved on a 4-12% 
gradient gel. An immunoblot of cell lysates from synchronized cells released from 
aphidicolin block for 2 or 4 hours.  Probed with rabbit anti-APC M2 antibody.  Lysate from 
cells that were UV irradiated 2 or 4 hours after aphidicolin release demonstrate the APC 
mobility shift.  An aliquot of control lysate from the cells released from aphidicolin block for 
4 hours and UV irradiated on a glass slide demonstrates the same APC mobility shift as the 
APC from cells that were UV irradiated.



that the nuclear accumulation of APC induced by UV irradiation results from this 

non-specific modification because, unlike the observed nuclear targeting, the change 

in mobility showed no cell cycle specificity.  The APC mobility shift was observed in 

cells UV irradiated 2 and 4 hours after aphidicolin release while the nuclear 

accumulation of APC is specific for the 4 hour time point.  Because there was no 

evidence for a connection between the UV induced mobility shift and the UV/cell 

cycle specific nuclear accumulation of APC, the nature of the mobility shift was not 

further examined.   

 

APC binding to β-catenin does not appear altered by UV irradiation  

 In the non-irradiated control cells, β-catenin was consistently observed to co-

precipitate with APC (Figure 5.11).  β-catenin is a well characterized APC binding 

partner so this interaction was expected.  In all immunoprecipitation experiments, 

protein was eluted from the antibody conjugated beads in one-tenth of the original 

lysate volume and equal volumes of the bound and unbound samples were loaded for 

SDS-PAGE and western blot analysis.  Therefore, the protein in the “IP” lanes should 

be ten times more concentrated than it was in the “unbound” fraction.  The intensity 

of the β-catenin band that co-precipitated with APC was observed to be 

approximately equal to the intensity of the β-catenin band in the fraction that did not 

co-precipitate with APC.  Taking into account the relative concentrations of these two 

fractions, we determined that approximately one tenth of the total β-catenin in the cell 

was interacting with APC.  Surprisingly there was no significant difference between  
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WL    M2-S   M2-P IgG-S  IgG-P WL  M2-S   M2-P IgG-S  IgG-P 

UV irradiated cells
Sham-irradiated control cells

WL = whole lysate
M2-S = unbound supernatant
M2-P = co-precipitated with APC
IgG-S = unbound super from control beads
IgG-P = co-precipitated with IgG control

Figure 5.11
Western immunoblot probed with rabbit anti-β-catenin antibody.  HCT116βw cells were 
synchronized using aphidicolin block and released for 4 hours prior to sham or UV-
irradiation.  Cell lysates were prepared 40 minutes after irradiation.  IP was preformed with 
protein A beads conjugated to APC specific antibody (rabbit anti-APC M2).  Protein was 
eluted from the beads in 1/10th the volume of the original lysate.  Proteins were resolved on a 
4-12% gradient gel.



the amount of β-catenin that co-precipitated with APC from UV irradiated cells 

versus non-irradiated control cells.  We had anticipated that a dramatic shift in the 

localization of APC would result in a similarly dramatic change in the observed 

protein interactions; however, at least in the case of β-catenin, no such alteration is 

induced.  APC and β-catenin continue to interact at the same level before and after 

UV irradiation. 

 

The transient localization of APC to the nucleus is mirrored by β-catenin 

 Co-immunoprecipitation experiments suggested that APC and β-catenin may 

continue to interact during the nuclear accumulation of APC.  To ascertain if β-

catenin is also influenced by exposure to UV light, synchronized cells were UV 

irradiated and co-stained with antibodies to APC and β-catenin.  In the non-irradiated 

control cells, APC and β-catenin did not show substantial co-localization (Figures 

5.12).  Like APC, β-catenin was also observed in the nuclear and cytoplasmic 

compartments (Figures 5.12).  In UV irradiated cells, however, β-catenin displayed 

the same nuclear accumulation that was observed for APC (Figures 5.12).  

Furthermore, β-catenin demonstrated a transient nuclear localization similar to the 

time course of nuclear accumulation observed for APC (Figure 5.13).  However, 

despite the observation that APC and β-catenin both accumulated in the nucleus, they 

did not seem to do so as a complex.  Western blots did not reveal an increased level 

of β-catenin co-precipitating with APC in the UV-irradiated cell  
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Figure 5.12
The co-localization of APC and β-catenin in irradiated and non-irradiated cells using two 
sets of antibodies.  A) Mouse anti-APC (12-28, Abcam) and rabbit anti-β-cateinin (Sigma).  
B) Rabbit anti-APC M2 (developed in the Neufeld and Azuma labs) and mouse anti-β-
catenin (Transduction Laboratories). Cells were synchronized using aphidicolin block and 
released for 4 hours before being UV/sham-irradiated.  Cells for images were fixed 40 
minutes after irradiation and stained.  Scale bar = 3μm.
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Figure 5.13
Analysis of β-catenin distribution in UV-irradiated and sham-irradiated cells at various 
points following irradiation.  Cells were synchronized using aphidicolin block and 
released 4 hours before being UV/sham-irradiated.  Cells for images were fixed the 
indicated amount of time following irradiation and stained with mouse anti-β-catenin 
antibody.  DNA was visualized with DAPI.  Images were captured on a Nikon TU2000 
microscope equipped with a Letiga EXI camera (Q Imaging) and analyzed using Phylum
Live software.  Scale bar = 3μm.
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Figure 5.14
Optical slices of APC and β-catenin distribution in the nucleus of a UV-irradiated cell.  
Cells were synchronized using aphidicolin block and released for the indicated amount of 
time before being UV-irradiated.  Cells were fixed 40 minutes after irradiation and 
stained with rabbit anti-APC M2 antibody and mouse anti-β-catenin.  DNA was 
visualized with DAPI.  Images were taken with an Olympus 3I spinning disc confocal
TIRF inverted microscope and analyzed using Slidebook software.  Scale bar = 3μm.



lysates (Figure 5.11) and optical slices through UV irradiated cells showed numerous 

distinct APC and β-catenin puncta within the nucleus (Figure 5.14). 

 

Optimal nuclear localization of APC requires checkpoint kinase activity 

 Members of the phosphatidylinositol-3-kinase (PI-3-K) family of kinases are 

key initiators of the G2/M checkpoint.  These kinases, including DNA-dependent 

protein kinase (DNA-PK), Ataxia-Telangiectasia mutated (ATM) and Ataxia-

Telangiectasia mutated and RAD3-related (ATR) are responsible for the activation 

and/or stabilization of many of the effector proteins responsible for NER repair of 

UV-induced lesions and the cellular response to double-strand DNA breaks (3, 39).  

To determine if the nuclear accumulation of APC was dependent on ATM/ATR 

kinase activity, synchronized HCT116βw cells were grown in the presence of 

wortmannin, a widely used G2/M checkpoint kinase inhibitor (40, 41).  In our 

experiments, wortmannin appeared to have no effect on APC localization in the non-

irradiated control cells (Figure 5.15).  However, the UV irradiated cells treated with 

wortmannin showed significantly less nuclear accumulation of APC when compared 

to cells treated with DMSO only (Figure 5.15).  In some experiments wortmannin 

treatment also resulted in sub-nuclear APC foci in the UV-irradiated cells (Figure 

5.15). 

 ATM and ATR initiate the checkpoint phosphorylation cascade through the 

signal transducer kinases Chk1 and Chk2 (3).  Generally ATM is associated with 

signal transduction through Chk2 while ATR is associated with signal transduction 
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through Chk1; however, there is overlap between the functions of these proteins (3).  

Because wortmannin inhibits the kinase activity of both ATM and ATR, specific 

inhibitors for Chk1 and Chk2 were used in an attempt to further refine the signaling 

pathway leading to the nuclear accumulation of APC.   

 2-(4-(4-Chlorophenoxy)phenyl)-1H-benzimidole-5-carboxamide is a specific 

inhibitor of Chk2 (42).  Cells treated with this Chk2 inhibitor displayed less nuclear 

accumulation of APC compared to the DMSO treated control cells following 

exposure to UV light (Figure 5.16).  The ATM/Chk2 pathway is predominantly 

associated with the response to DNA double-strand breaks.  This pathway may be 

responsible for some of the checkpoint response in UV irradiated cells due to some 

UV-induced double strand breaks as well as “cross-talk” between the two checkpoint 

kinase pathways.  However the primary pathway expected to be induced by UV 

irradiation is the ATR/Chk1 signal transduction pathway.   SB-218078 is a specific 

inhibitor that blocks the in vivo function of Chk1 (43).   Surprisingly, when 

synchronized cells were treated with Chk1 inhibitor they displayed nuclear targeted 

APC following UV irradiation.  Because the ATR/Chk1 pathway responds by 

initiating NER repair of thymidine dimers, it would be expected that Chk1 would be 

the primary transducer kinase activated upon detection of UV-induced DNA damage.  

However, unlike the wortmannin treatment, treatment with Chk1 inhibitor did not 

appear to inhibit the nuclear accumulation of APC (Figure 5.17).  
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Figure 5.15
Wortmannin (Calbiochem) was used at a final concentration of 20μM to inhibit PI-3-kinases 
in synchronized HCT116βw cells UV-irradiated or sham-irradiated 4 hours after release 
from aphidiclolin block.  Scale bar = 3μm.
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Figure 5.16
Chk 2 inhibitor [2-(4-(4-Chlorophenoxy)phenyl)-1H-benzimidole-5-carboxamide 
(Calbiochem) was used at 10μM to inhibit Chk 2 in synchronized HCT116βw cells UV-
irradiated or sham-irradiated 4 hours after release from aphidicolin block.  Scale bar = 3μm
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Figure 5.17
Chk 1 inhibitor [SB-218078 (Calbiochem)]was used at 5μM to inhibit Chk 1 in synchronized 
HCT116βw cells UV-irradiated or sham-irradiated 4 hours after release from aphidicolin
block.  Scale bar = 3μm.
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Discussion 

 We observed that APC was transiently targeted to the nucleus in what 

appeared to be a cell cycle specific response to UV irradiation.  APC was observed to 

translocate to the nucleus in response to UV light exposure in both primary mouse 

fibroblast cells and the human colon cancer cell line HCT116βw.  Further evaluation 

of this phenomenon in the HCT116βw cell line revealed that APC was selectively 

targeted to the nucleus during the late S and G2/M phases of the cell cycle, a time 

point that appeared to roughly correlate with the G2/M cell cycle checkpoint.  The 

stabilization of endogenous APC in HCT116 cells in response to ZnCl2 has been 

reported to result in increased arrest at the G2/M phase of the cell cycle (13).  A 

fragment of APC (amino acids 1000-1326) containing no characterized NLS 

sequences was observed to localize to the nucleus in HCT116βw cells and over 

expression of this fragment induced cell cycle arrest at G2 (14).  This evidence 

suggests a role for APC in cell cycle control and G2/M transition.  It is possible that 

APC is selectively targeted to the nucleus during this phase of the cell cycle to halt 

cell cycle progression in response to the detection of DNA damage or the initiation of 

NER. 

 The nuclear targeting of APC appears to be dependent on the checkpoint 

kinases.  Inhibition of DNA-PK, ATM and ATR by treatment with wortmannin 

reduced the nuclear accumulation of APC.  Treatment with a specific inhibitor of 

Chk1 resulted in no visible reduction in nuclear APC following UV-irradiation.  

Inhibition of Chk2 resulted in some inhibition of the nuclear accumulation of APC, 
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though not the same degree as treatment with wortmannin.  This might suggest that 

APC is not downstream of Chk1 or Chk2, but instead receives a nuclear targeting 

signal more directly from the ATM/ATR initiator kinases.  The inability of either 

Chk1 or Chk2 inhibition to fully repress the nuclear accumulation of APC could also 

mean that there is redundancy between the two pathways and that either Chk1 or 

Chk2 alone can lead to the nuclear accumulation of APC.  Wortmannin would be 

expected be more effective than either of the specific inhibitors alone because 

wortmannin is able to repress the upstream activation of both ATM and ATR.  

Finally, it is the possible that neither ATM nor ATR is upstream of APC, but the 

more broad-based inhibitor wortmannin prevents the nuclear accumulation of APC 

through repression of a separate pathway. 

 The exact nature of APC’s role in the G2/M checkpoint is unclear.  It seems 

likely that APC is acting as a signal transduction molecule rather than an effector 

molecule based on the transient nature of APC’s nuclear translocation.  The DNA 

repair protein xeroderma pigmentosum group A (XPA) is involved in DNA repair 

after UV irradiation (3).  Similar to the observed time course for APC, XPA begins to 

accumulate in the nucleus approximately 30 minutes after exposure to UV light.  

However, for XPA, the peak level of nuclear accumulation is reached 8 hours after 

the initial DNA damage (39).  APC was observed to reach its peak level of nuclear 

accumulation approximately 40 minutes after exposure to UV light and redistributed 

to the cytoplasm in approximately one hour, suggesting that APC does not directly 
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participate in the process of sustained DNA repair or in the continued maintenance of 

the cell cycle block. 

Interestingly, β-catenin was also observed to accumulate in the nucleus 

following UV irradiation with a time table that mirrored those of APC.  This was 

unexpected because β-catenin is considered to be an oncogene.  When up-regulated 

either at the protein level or the level of transcriptional activity, β-catenin is 

associated with increased cellular proliferation and neoplastic transformation (44).  

Proteins that are involved in the cellular response to DNA damage are typically tumor 

suppressors because a loss of function results in a decreased ability to respond to 

DNA damage and increased tumorigenesis (44).  It was surprising to see such a 

striking β-catenin response to UV irradiation.  The nuclear localization of β-catenin 

has previously been associated with an increase in transcriptional activity from the 

Wnt target genes and the promotion of cellular proliferation (45).  It seemed 

counterintuitive that β-catenin would be targeted to the nucleus at a time when the 

cell cycle should be arrested.  

The interaction of APC with β-catenin and other members of the Wnt 

signaling pathway is one of the most investigated areas of APC research.  APC is 

known to directly interact with β-catenin and has been shown to be important for β-

catenin degradation (44, 45).  APC and β-catenin have been shown to interact at the 

promoter of Wnt target genes (46) and the nuclear shuttling of APC is suspected to 

play a role in determining the level of nuclear β-catenin (47-49).  Remarkably, despite 

the observation that APC and β-catenin respond in nearly the same manner to UV-
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irradiation, exposure to UV light did not appear to increase interaction between these 

two proteins (Figure 5.11) nor do they co-localize significantly within the nucleus 

suggesting that they are both targeted to the nucleus independently.   
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CHAPTER 6 

DISCUSSION AND FUTURE DIRECTIONS 

 

Numerous reports in the literature suggest that APC can shuttle in and out of 

the nucleus (1, 2) interact with a variety of nuclear proteins (3, 4), both facilitate and 

impede DNA repair (5-8), regulate transcription (9), participate in the cell cycle 

checkpoints (3, 10) and directly interact with DNA itself (11).  Taken together these 

data result in a considerable number of proposed nuclear functions for APC.  A great 

deal more study is required to elucidate the mechanisms by which APC is able to 

accomplish the current suggested functions and to evaluate how those cellular 

functions contribute to its role as a tumor suppressor in whole tissue.  

To further clarify the role of nuclear APC in tissue, we generated a mouse 

model lacking the characterized APC NLSs.  Multiple existing APC mouse models 

have demonstrated that both truncation and decreased expression of APC are 

associated with the development of intestinal adenomas (12-19).  However, mutations 

resulting in altered protein levels or the deletion of substantial regions of APC make it 

difficult to examine how the various functions of APC are contributing to overall 

tumor suppression.  The APC mNLS mouse model is unique in that a specific aspect 

of APC was altered, nuclear import through the NLS/importin pathway, while 

preserving the domains required for APC’s other functions. 

  Targeted mutations were introduced into both NLSs of endogenous Apc in 

mouse ES cells using standard techniques (20-22).   These mutations alter a total of 6 
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amino acids in full length APC and disrupt binding to importin-α (23).  Because 

interaction with importin-α mediates translocation through the nuclear pore, these 

mutations inhibit the nuclear import of APC (24).  Following the identification of an 

ES cell line with the correct incorporation of the knock-in mutations, an APC mNLS 

mouse line was generated.  Normal levels of full length APC were detected in tissue 

from the mutant mice, confirming that the introduction of the APC mNLS mutations 

did not alter normal Apc expression.  Because genetic background can influence 

phenotype (25, 26), we are in the process of generating a congenic mouse line.  In the 

interim we began a preliminary analysis on cells carrying the APC mNLS mutations 

as well as the pre-congenic animals.  In addition to variable defects in APC targeting, 

we also observed subtle defects in β-catenin regulation and immune function in the 

mutant mice.  Further analysis of APC nuclear import in cells carrying mutant and 

WT APC also revealed a previously uncharacterized response to DNA damage, which 

resulted in the nuclear accumulation of APC through an unknown import mechanism. 

 

The nuclear import of APC in NLS deficient cells 

Surprisingly, our observations revealed that APC was not excluded from the 

nucleus in APC mNLS-/- cells or in tissue from the APC mNLS-/- mice.  Some amount 

of nuclear APC was observed, regardless of the type of cells being examined.  

However, the degree of cellular differentiation appeared to influence the extent to 

which APC targeting was affected.   Confocal microscopy of frozen tissue sections 

revealed that APC distribution in the undifferentiated cells at the base of the crypts in 
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both the colon and small intestine was nearly identical in the APC mNLS-/-, APC 

mNLS +/- and APC mNLS+/+ mice.  Similarly the localization of APC in the APC 

mNLS+/- ES cells was indistinguishable from WT R1 ES cells.  In contrast, the APC 

mNLS MEF cell lines displayed a noticeably decreased level of nuclear APC in the 

APC mNLS+/-, and APC mNLS-/- cells when compared to APC mNLS+/+ control 

cells.  A similar observation was made in the intestines of the mNLS mice.  The most 

differentiated cells, located at the luminal surface, displayed a reduced level of 

nuclear APC in tissue from APC mNLS+/- and APC mNLS-/- mice when compared to 

tissue from their APC mNLS+/+ littermates.    

The observation that mutations to the APC mNLSs resulted in a more 

apparent phenotype in differentiated cells implied that APC targeting may not be 

regulated in the same manner in differentiated and undifferentiated cells.  It is known 

that APC participates in a number of cellular pathways (27-29). It is probable that 

APC performs different functions in different cell types. The more surprising 

observation was that some of APC’s nuclear functions, particularly in stem cells, 

appeared to allow nuclear import of full length APC in the absence of the 

characterized NLSs.   

 

Regulation of β-catenin in APC mNLS cells 

 Western immunoblot analysis of β-catenin levels in the intestinal epithelia of 

the APC mNLS mice revealed an increased level of β-catenin in the APC mNLS+/- 

and APC mNLS-/- mice compared to their APC mNLS+/+ littermates.  The observation 
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that mutation to APC resulted in increased β-catenin levels was not surprising.  APC 

has been previously shown to be important in the regulation of β-catenin (30, 31).  

While the ability of the NLS-deficient APC to participate in β-catenin down-

regulation in the cytoplasm should be unaltered, APC and β-catenin have also been 

observed to associate in the nucleus (2, 31, 32).  Altered nuclear targeting of APC 

would therefore be expected to impact its interaction with β-catenin.  Surprisingly, the 

observed increase in β-catenin level was not associated with an alteration in the 

cellular localization of β-catenin.  In both the tissue of the APC mNLS mice and in 

the APC mNLS MEF cell lines, the pattern of β-catenin staining appeared to be 

identical in the APC mNLS+/+, APC mNLS+/- and APC mNLS-/- cells.  Traditional 

dogma assumes that increased β-catenin in the cell results in increased translocation 

of β-catenin to the nucleus (33).  This correlation between total β-catenin levels and 

localization of β-catenin has also been observed in the previous APC mouse models 

(16, 34, 35).  Our observations suggest that the NLS-deficient APC leads to both an 

increase in cellular β-catenin levels and a decrease in β-catenin nuclear import.   

The obvious initial conclusion would be a role for APC in the nuclear import 

of β-catenin; however, this explanation contradicts much of the established ideas in 

the field (33).  Another possibility is that APC is targeted to the nucleus to interact 

with β-catenin via the NLS/importin pathway in differentiated cells.  In cells 

expressing NLS-deficient APC, translocation fails to occur and results in increased 

APC interacting with β-catenin in the cytoplasm.  The number of β-catenin 

destruction complexes in the cytoplasm is restricted not only by the presence of APC, 
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but also by the availability of the other members of the protein complex, therefore 

excess APC in the cytoplasm may not be equivalent to increased β-catenin down-

regulation.  It is possible that interacting with free APC may prevent β-catenin 

proteolysis by competing with APC in the β-catenin degradation complexes for 

cellular β-catenin.  The observation that APC shows increased localization to the 

lateral junctions in cells with reduced nuclear APC seems to support the idea that 

APC is associating with but not degrading cytoplasmic β-catenin in these cells. Thus 

the increased levels of β-catenin may result from the presence of excess APC in the 

cytoplasm rather than from a deficient level of APC in the nucleus. 

 

Immune function in APC mutant mice 

The observation that APC mNLS+/- mice display intestinal hyperplastic 

lymphoid nodules with an increased frequency compared to their APC mNLS+/+ 

littermates suggests that APC may play a role in immune regulation in the intestine.  

There have also been reports of immune system phenotypes in previous mouse 

models that express APC mutations (36-39).  

 The APC 1638N mouse carries a WT Apc allele and a truncated Apc allele 

that expresses at only 2% of the WT level (34).  Mice that carry the APC 1638N 

mutation essentially express APC at half the level of a WT mouse.  APC 1638N mice 

display a decreased immune response to Helicobacter infection when compared to 

WT mice (38).  Not only did the intestinal tissue of the APC 1638N mice lack the 

normal local inflammatory and proliferative responses to the bacterial infection, but 
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the APC mutant animals displayed a decreased systemic antibody response despite 

demonstrating higher bacterial loads than the WT mice (38).   

APC’s effect on polyposis and local immune response has also been explored 

in the APC Min mouse (36, 37, 39).  The APC Min mouse displays an extensive 

polyposis phenotype with numerous intestinal lesions occurring early in the life of the 

mouse (12).  This has made the Min mouse a popular model in which to study the 

effect of chemotherapeutics, diet and exercise on the process of polyposis in the 

intestine (40).  In two separate reports, diets that stimulate immune function in the 

intestine also led to decrease in polyp number in the APC Min mice (36, 37).   

 The observation that the stimulation of an intestinal immune response in the 

APC Min mice leads to a decrease in polyp number while APC 1638N mutant mice 

appear to be deficient in their ability to mount a normal immune response in the 

intestine may initially seem incongruent.  It is possible that the dissimilar results stem 

from the type of Apc mutation, and that a reduced level of total APC protein (APC 

1638N) affects immune function differently than a truncation of the APC protein 

(APC Min).  However, other factors may also play a role in the divergence of 

phenotypes, including the timescale of the experiments.  APC Min mice begin 

developing intestinal polyps within 5 weeks of birth and have short lifespans, 

averaging only 120 days (12).  Therefore, the analysis of diet in the APC Min mice 

takes place within the first 100 days, with mice sacrificed for analysis at 91 (39) and 

110 (36) days.  The APC 1639N mice do not begin developing polyps until nearly 10 

weeks of age and have an average lifespan of over 1 year (13).  In the analysis of 
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Helicobacter infection, the APC 1638N mice were sacrificed at 135, 180 and 225 

days of age (38).  In the heterozygous APC mNLS we saw an age dependent increase 

on hyperplastic lymphoid nodules in mice between 294 and 434 days of age. 

 Observations in the APC 1638N mouse suggest that decreased APC results in 

decreased immune function both in the intestine and systemically (38).  Observations 

in the APC Min mouse suggest that immune stimulation represses intestinal polyposis 

(36, 37, 39).  There was no polyposis phenotype observed in the APC mNLS mouse; 

however, an increase in immune tissue was detected in the older mice.  This could 

suggest that the inhibition of the nuclear targeting of APC enhances immune 

stimulation.  Alternatively, the presence of the correct level of full length APC may 

allow for normal immune function in the APC mNLS mice and the increase in 

localized immune tissue could be in response to the need to prevent the growth of 

pre-neoplastic cells in the mutant mice.  It will be interesting to see if the APC mNLS 

mice displayed an enhanced polyposis phenotype in immune-deficient mice. 

 

The nuclear accumulation of APC in response to UV light 

A transient nuclear accumulation of APC was observed in cells exposed to 

UV light, suggesting a previously uncharacterized role for APC in the cellular 

response to DNA damage.  Previous reports indicate that cell stress, including UV 

irradiation, induced the blockage of classic nuclear import by sequestering importin-α 

(41).  These data led to the suggestion that the UV-dependent nuclear targeting of 

APC occurs through an NLS/importin-α-independent pathway.  The observation that 
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UV irradiation induced the nuclear accumulation of APC in APC mNLS-/- MEF cells 

lends further support to an alternative pathway for APC nuclear import.  

Cell-stress induced block of nuclear import has been observed in response to 

starvation, heat shock, ethanol, oxidative stress, and UV irradiation (41-43).  

Different cellular stresses also induce the nuclear localization of specific stress-

response proteins including heat shock proteins and cognate proteins, transcription 

factors and DNA repair proteins (42-46).  While the mechanism of import has not 

been evaluated in all cases, there is evidence for NLS/importin-independent nuclear 

import of several proteins characterized to have vital nuclear functions (46-48).  The 

pathway by which this import occurs is currently unknown (47, 49).   

Our evidence suggests that APC is also able to achieve nuclear import through 

an unknown importin-α-independent pathway.  APC nuclear import is specific to cell 

cycle stage and time following UV irradiation, suggesting that post-translational 

modification to APC is contributing to this nuclear import.  Because inhibition of the 

PI-3-K family of serine/threonine kinases is able to repress nuclear accumulation of 

APC, it is likely that the signal cascade initiated by DNA damage is responsible for 

APC re-localization following UV irradiation.  Further study is needed to elucidate 

the mechanism underlying nuclear import of APC and the role for nuclear APC 

following UV irradiation 
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Future directions  

We have provided evidence for nuclear import of APC through at least two 

independent pathways.  It is possible that more pathways exist, since undifferentiated 

cells were able to import full length APC under normal cellular conditions in the 

absence of the endogenous APC NLSs.   While the NLS-independent mechanism(s) 

that allow for nuclear import are currently uncharacterized, it is probable that both 

NLS- dependent and NLS-independent nuclear import are required for tumor 

suppression.  APC has been observed to shuttle in and out of the nucleus in cancer 

cell lines containing a truncated APC lacking the NLSs (50), suggesting the presence 

of an alternative nuclear import pathway mediated by an N-terminal domain of APC.  

However, the function of the APC NLSs has also been characterized in cancer cell 

lines (23).  Nuclear exclusion of full-length exogenous APC with mutant NLSs was 

observed in the SW480 human colon cancer cell line while WT APC appeared to 

shuttle normally (31).  These observations suggest that NLS-dependent nuclear 

import is also required in these cells.  Because the nuclear functions of APC are not 

yet defined, it is unknown if these independent nuclear import mechanisms serve a 

redundant function or if they represent separate cellular pathways leading to discrete 

nuclear tasks.  The APC mNLS mouse was generated to allow the further evaluation 

of the role of nuclear APC in tissue development, maintenance and tumor 

suppression.  The APC mNLS mouse model may also be useful in the evaluation of 

alternative import mechanisms required for proper APC shuttling.   
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