






















































precipitates the emergence of precursor cells that eventually become resistant to 

apoptosis. Second, FA patients are predisposed to epithelial and squamous cell 

carcinomas (Kutler, Auerbach et al. 2003; Kutler, Singh et al. 2003). The risk of 

these solid tumors in FA patients goes up markedly after 20 years of age, and 

increases to a cumulative risk of 90% by 40 years of age (Rosenberg, Greene et al. 

2002). These two points illustrate the predisposition of FA patients to malignancy, 

and suggest that mutations occur over time allowing the increased survival of 

oncogenic cells. The molecular pathways targeted by these mutational events in FA 

cells remain unidentified. 

It is possible that p53 or the p53 pathway is disrupted in malignancies of FA patients. 

As mentioned previously, the p53 pathway is a critical mediator of survival and 

apoptosis, and is required for tumor suppression. Though Trp53 is not mutated in 

most leukemias, the p53 pathway is often altered (Krug, Ganser et al. 2002). This 

may occur via mutations inp14ARF (reviewed, (Krug, Ganser et al. 2002), which 

mediates the stability of p53 (Kamijo, Zindy et al. 1997; Kamijo, Weber et al. 1998), 

or other p53 regulated survival/apoptosis genes such as bcl-2 and bax (Miyashita, 

Harigai et al. 1994; Miyashita and Reed 1995; Schmitt, Fridman et al. 2002). 

Disruption of the p53 pathway can then lead to further genomic instability due to the 

function of p53 in control of the cell cycle. Interestingly, head and neck squamous 

cell carcinomas (an important part of the tumor spectrum in FA patients) have a high 

rate of Trp53 mutations, and p53 is also frequently inactivated by papilloma virus 

infection in these tumors (Mao, Schwartz et al. 1996; Blons and Laurent-Puig 2003). 
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The role of FANCC in both DNA damage and cytokine-induced apoptosis has 

already been discussed. DNA damage and cytokine-induced apoptosis is increased in 

cells lacking FANCC. The increased cytokine mediated apoptosis seen in cells 

lacking FANCC correlated with increased activation of PKR, and was PKR 

dependent (Pang, Keeble et al. 2001). Since p53 is activated by PKR (Cuddihy, Li et 

al. 1999; Cuddihy, Wong et al. 1999), inactivation or polymorphisms of Trp53 

(Storey, Thomas et al. 1998) or proteins in the p53 pathway may be important targets 

for cellular transformation in FA-associated myeloid malignancies or tumors. Further 

support for investigating the role of p53 in FA malignancy comes from mouse 

models. In the presence of certain genetic alterations that predispose cells to 

apoptosis, the concurrent absence of Trp53 leads to the abrogation of this apoptosis 

and increased tumorigenesis. This has been demonstrated in mice deficient in Brea] 

(Cressman, Backlund et al. 1999; Xu, Qiao et al. 2001) and Rb (Williams, Remington 

etal.1994). 

Although these data may suggest a role for p53 in mediating apoptosis and cancer in 

FA, a previous study found that a dominant negative p53 did not affect apoptosis in 

FANCC deficient, immortalized lymphoblasts exposed to genotoxic stress, and the 

authors concluded that the elevated apoptosis seen in cells lacking FANCC was p53 

independent (Kruyt, Dijkmans et al. 1996). However, the use of immortalized cell 

lines that may have altered p53 function (Fries, Miller et al. 1996; Mauser, Saito et al. 

2002) is an inherent limitation in these studies. 
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Thesis overview and experimental questions 

Despite the recent insights into the roles of the FA proteins in both cell cycle control 

and apoptosis, many questions regarding the role of FA proteins in these processes 

remain. Also there remain a number of questions regarding the function of FA 

proteins in apoptosis, and the mechanism of tumorigenesis in FA patients. Hence, it 

is important to investigate the role of the FA proteins in cell cycle control and 

apoptosis, and to understand their function in the context of other proteins that 

function in these processes. Therefore I set out to answer 3 specific questions 

regarding the function of Fancc: (1) Does Fancc function in G2 cell cycle checkpoint 

control, and (since p53 is a key checkpoint regulator) does it have a role in this 

process that is distinct or dependent on p53? (2) Is the hypersensitivity of Fancc 

deficient cells dependent on p53? and (3) Do Fancc and p53 cooperate in protecting 

the organism from tumorigenesis? 

To determine the role of the FA proteins in cell cycle checkpoint control, apoptosis, 

and in protection from tumorigenesis, it is important to use a model system in which 

these processes are not disrupted. This is a critical point since regulators of the cell 

cycle and apoptosis are dramatically altered by immortalization techniques, 

particularly viral mediated immortalization (Wade and Allday 2000). For this reason, 

I chose to use the mouse model for Fancc, which is available in our lab. Fancc 

deficient mice recapitulate many of the defects seen in FA including sterility (Chen, 

Tomkins et al. 1996), hypersensitivity and genomic instability in response to 

mitomycin c (Chen, Tomkins et al. 1996), and hypersensitivity to IFN-y and TNF-a 
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(Haneline, Broxmeyer et al. 1998). These mice are an exce11ent source of primary 

cells to study the role of Fancc in DNA damage-induced cell cycle checkpoints and 

apoptosis. These mice also provide the ability to model endogenous stresses incurred 

by the organism in vivo. 
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MATERIALS AND METHODS 

Mouse models 

Mice containing a disruption of the Fancc gene were generously provided by Dr. 

Manuel Buchwald (Chen, Tomkins et al. 1996). These mice were backcrossed for 10 

generations into the C57BL/6J strain. Mice were genotyped using PCR to detect wild 

type and mutant F ancc alleles as described (Haneline, Broxmeyer et al. 1998). DNA 

was extracted using a phenol-chloroform extraction. A small portion of tail was 

clipped from each mouse, and 0.4 ml of lysis buffer containing 20 mM Tris-HCI (pH 

8.0), 25 mM EDTA, 100 mM NaCl, 1 % SDS, and 0.5 mg/ml of proteinase K (from a 

20 mg/ml frozen stock solution) was added in a 1.5 ml centrifuge tube. Samples were 

incubated at 55°C for two hours. Samples were then extracted using 0.5 ml of 

phenol:chloroform:isoamyl alcohol (25:24:1), and centrifuged at 10,000 rpm for 5 

minutes. The aqueous phase was then transferred to a new tube, and 0.15 ml of 8 M 

ammonium acetate and 0.8 ml of 100% ethanol were added. Samples were then 

mixed well by inverting the tubes to form a DNA precipitate, then centrifuged at 

12,000 rpm for 10 minutes at 22°C to pellet the DNA. The supernatant was removed, 

the pellet was washed with 0.5 ml of 80% ethanol, and centrifuged for 2 minutes at 

12,000 rpm. The supernatant was removed, and the pellet was allowed to air dry for 

several minutes until dry. The DNA was then resuspended in 0.1 ml of TE buffer, 

and allowed to dissolve by heating at 55°C for 30 minutes, or leaving overnight. 

DNA was stored at -20°C. PCR was carried out using the exon 8 primers 

CCTGCCATCTTCAGAATTGT, GAGCAACACAAATGGTAAGG, and the neo 

primer TTGAA TGGAAGGA TTGGAGC. 1-2 µl of extracted DNA was added to the 
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PCR reaction containing 2.5 µ1 of I OX PCR buffer (Promega), 2 µ1 of a mixture of 1 O 

mM dNTPs (Sigma), 5 pmol of each primer, and 0.25 µl of Taq DNA polymerase 

(Promega). The PCR reaction was carried out under the conditions: 5 minutes at 

95°C, 30 seconds at 95°C, 1 minute 30 seconds at 55°C, I minute 30 seconds at 72°C, 

with 30 cycles. Samples were electrophoresed on a I% agarose gel. A band at 

approximately 800 bp indicates the wild-type Fancc allele, while a band at about 600 

bp represents the knocked out Fancc allele containing neo. Mice harboring a 

disruption of the Trp53 gene have been previously described (Jacks, Remington et al. 

1994), and were obtained in the C57BL/6J strain from the Jackson Laboratories. 

Trp53 genotype was determined using a PCR method and primer sequences as 

provided by the Jackson Laboratories. DNA was extracted as described above, and 

the p53 PCR was carried out using 3 minutes at 95°C, 30 seconds at 94°C, 30 seconds 

at 55°C, 30 seconds at 72°C for 30 cycles. Primers used for this PCR were: 

ACAGCGTGGTGGTACCTT (wild-type primer), TATACTCAGAGCCGGCCT 

(wild-type p53 primer), and CA TTCAGGACATAGCGTTGG (neo primer). Samples 

were electrophoresed as described above, and an approximately 650 bp band 

represents the knocked-out Trp53 and neo allele, and a band at about 420 bp 

represents the wild-type allele. Fancc+/- mice were mated with Trp53+/- mice to 

generate Fancc and Trp53 compound heterozygous mice. Compound heterozygotes 

derived from the Fl mice were then used to generate he F2 generation, and these mice 

were monitored long term for tumors and morbidity. Due to the low frequency of 

Fancc-l;-Trp53-/- mice obtained, some mice of this genotype were generated by 

crossing Fancc+/-;Trp53-/- mice. 
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Cell culture of murine embryo fibroblasts 

Primary murine embryo fibroblasts (MEFs) were obtained from day 12-14 mouse 

embryos derived from breeding of Fancc+/- mice. Embryos were obtained, and a 

small amount of tissue was used for PCR analysis (see mouse models for PCR 

protocol). Fibroblasts were derived from embryos by drawing each embryo through a 

10 ml syringe fitted with an 18-gauge needle. After washing, the cells were cultured 

on 10 cm tissue culture dishes in growth media consisting of DME/F12 media 

containing 10% fetal calf serum (FCS) supplemented with 2 mM L-glutamine, 100 

U/ml penicillin and streptomycin (Gibco-BRL). After three days of culture, plates 

were trypsinized, and cells were expanded for experimental use, or frozen. MEFs 

were maintained based on a 3T3 protocol (Todaro and Green 1963), in which each 

cell passage was defined as approximately 1Xl06 cells (or a 1:5 to 1:3 split) seeded 

onto 10 cm tissue culture dishes. All experiments using MEFs were performed with 

cells that were less than passage 6. 

Primary human cutaneous fibroblasts isolated from two FA complementation group C 

were obtained from our collaborator (Helmut Hannenburg). These cells were used at 

low passage, and were maintained in DME containing 10% FCS, supplemented with 

2 mM L-glutamine, 100 U/ml penicillin and streptomycin. 
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Treatment of cells with DNA damaging agents 

For treating cells with ionizing radiation (IR), approximately 1X106 cells were seeded 

onto 10 cm culture dishes. Cells were then incubated overnight for at least 16 hours 

to allow cells to re-enter the cell cycle. IR was delivered using a Gammacell-40 

exactor (Nordion) containing a 137Cs source, for the time necessary to dispense the 

required amount of radiation needed for each specific experiment. 

For cisplatin treatment, cells were seeded onto 10 cm culture dishes as above. A 

stock solution of cisplatin (Sigma) was prepared at 10 mg/ml (33.3 mM) in DMSO. 

12 µl of the stock solution was added to plates containing 8 ml of media for a final 

concentration of 50 µM, and treatment with cisplatin was carried out for 1 hour. 

Cells were washed, and incubated for the indicated times prior to harvest and 

analysis. 

Measurement of G2 checkpoint using BrdU pulse and flow cytometry 

The measurement of G2 by BrdU pulse was carried out as previously described 

(Hirao, Kong et al. 2000; Chen, Hurov et al. 2001). MEFs (passage 2-6) were seeded 

onto 10 cm dishes at approximately 1Xl06 cells/ml. At least 16 hours later, cells 

were incubated with 10 µM bromodeoxyuridine (BrdU) for 1 hour. Cells were then 

washed twice with PBS, complete media was added to the cells, and cells were 

immediately taken to the irradiator and treated with 5 or 10 Gy of ionizing radiation. 

Cells were then incubated for the appropriate time period, trypsinized, washed in 

PBS, and transferred to 5 ml round-bottom polystyrene tubes (flow tubes). Cells 
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were then fixed by the dropwise addition of cold 70% ethanol (approximately l ml) 

from overnight to days. BrdU was detected using FITC conjugated anti-BrdU 

monoclonal antibody (Pharmingen). Cells labeled with BrdU and fixed were first 

washed with PBS/0. l % BSA, and then treated for 30 minutes with l ml of 2M HCl 

containing 0.5 µg/ml of pepsin (Sigma) (for denaturation), then washed in PBS/0.1 % 

BSA. Cells were resuspended in l ml of 0.1 M sodium borate to neutralize the 

samples. Cells were then centrifuged and resuspended in PBS/0.1 %BSN0.5% 

Tween-20 containing anti-BrdU antibody (20µ1), and incubated for 20 minutes at 

room temperature followed by a wash in PBS/0.1%BSA/0.5% Tween-20. Cells were 

then resuspended in 50 µg/ml of propidium iodide (Sigma) with 10 µg/ml of RNase 

A, and analyzed on a FACScan flow cytometer (Becton Dickinson). Flow analysis 

was bivariate, with DNA content (Pl staining) shown on the x-axis, and BrdU 

staining (FITC) shown on the y-axis. 

Analysis of mitotic index in MEFs and primary human fibroblasts 

Mitotic index (Ml) was assessed by scoring cells according to nuclear envelope 

breakdown and condensed chromatin. Low passage MEFs (approximately P2) were 

used due to the difficultly in obtaining good baseline MI' s from later passage cells 

that have begun to have a reduced growth rate. MEFs and primary human fibroblasts 

were counted and plated onto 8 well chamber slides (Nunc) at a concentration of 

10,000 per well. Slides were then incubated at 37° C for 16-24 hours to allow cells to 

re-enter the cell cycle. Cells were then irradiated (5-10 Gy) as described for MEFs, 

and incubated for the indicated time periods. After treatment, wells were washed in 
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PBS and fixed for 20 minutes at 37° C in a solution of 100% methanol containing 200 

ng/ml of 4,6 Diamidino-2-phenylindole (DAPI) (The DAPI stock solution was 

prepared at a concentration of 1 mg/ml in water and stored at -20°C). Slides were 

then washed in PBS, and excess PBS was removed and coverslips were mounted onto 

the slides using Gel-mount (Biomeda). Slides were scored on the fluorescent 

microscope within 2 weeks. MEF cells used in these experiments were identified by 

number instead of genotype to allow scoring in a blinded fashion. At least 1000 cells 

were scored in triplicate for each data point, and several regions of each slide well 

were scored to account for variability observed in different areas of the well. 

In vivo G2 checkpoint analysis 

The analysis of the G2 checkpoint was carried out in vivo as previously described 

(Hirao, Cheung et al. 2002) by measuring the percent of mitotic cells in various 

mouse genotypes in keratinocytes of these mice. Syngeneic mice from 3-6 months 

old were selected for this experiment. Mice used in individual experiments were also 

sex matched, however we observed no effect of sex on the mitotic index in response 

to IR. Mice were irradiated with 5 Gy of IR, and then placed back into their cages for 

the appropriate time period. Mice were then sacrificed by cervical dislocation. 

Portions of skin from the back of the mouse and from one ear were fixed in a solution 

of 10% formalin freshly made in PBS. The fixation of these skin sections was carried 

out according to a protocol provided by Dr. Dan Spandau (Department of 

Dermatology). First, the back of the mouse was shaved with shears to remove hair. 

Then an approximately 1 cm incision was made in cutaneous tissue on the back of the 
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mouse. A pair of small scissors was then inserted into the incision, and the scissors 

were repeatedly spread, while pulling up on the cutaneous tissue, thus scraping the 

muscle tissue away. The incision was then lengthened, and an approximately 2X2 

portion of the skin was cut away. To allow for efficient sectioning of the skin, the 

portion of skin was then carefully spread out on a piece of note card with the dermal 

layer down on the card. The card bearing the skin was then floated on a bit of the 

10% formalin/ PBS fixative, and liquid was splashed onto the top of the section as 

well. The skin was then fixed in this fashion at least overnight, after which it was 

then placed in a vial containing fixative. The skin was then placed into cassettes, and 

processed by the histology core facility, so that each slide contained at least 5 

longitudinal sections. Processing was performed for phosphohistone H3 antibody 

(Upstate), used at a 1 :500 dilution. Only phosphohistone H3 positive keratinocytes 

that were in the thin epithelial layer were scored. Approximately 1-2 mitotic events 

were seen in untreated keratinocytes per high power field. Epidermal cells were not 

scored. 

G 1 checkpoint analysis 

Analysis of the G 1 checkpoint was performed as described with minor modifications 

(Brugarolas, Moberg et al. 1999). MEFs were cultured after treatment with 10 Gy of 

IR for 12, 16, or 24 hours, followed by incubation in the presence of BrdU for one 

hour. Cells were fixed and analyzed for BrdU incorporation. 
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Preparation of whole cell lysates 

Whole cell protein extracts were prepared. Cells were first trypsinized, and washed 

in PBS. The size of the cell pellet in each cell harvest was estimated (usually 

approximately 2Xl06 cells), and resuspended in 5 volumes of lysis buffer (100 mM 

Tris-Cl, pH 7.4, 0.1 % NP-40, 150 mM NaCl, 1 mM DTT, 1 mM PMSF, 10 µg/ml 

aprotonin, 10 µg/rnl leupeptin, 10% glycerol, 1 mM sodium fluoride, and 1 mM 

sodium orthovanadate), then incubated on ice for 30 minutes. The lysates were then 

cleared by centrifugation at 4°C for 15 minutes at 8,000 rpm, and the cleared lysates 

were then transferred to a fresh 1.5 ml tube. Lysates were then either frozen at 

-80°C, or used. Quantitation of the cell lysates was carried out using the Bradford 

assay. Protein standards (0.05-1 mg/ml) were made using BSA. Ten microliters of 

each standard was aliquoted to individual wells of a 96-well round bottom plate. One 

to ten microliters (depending on the estimated protein concentration) of each protein 

lysate was placed in separate wells of the 96 well plate. A 1 :5 dilution of protein 

assay reagent (Bio-Rad) was prepared using water, and 200 µl of this solution was 

added to the lysate and standards on the 96 well plate. The plate was incubated at 

room temperature for 15 minutes and read on a plate reader at a wavelength of 595 

nm. 

Electrophoresis and Immunoblotting 

SDS-PAGE gels were prepared containing from 8-12% acrylamide. Equivalent 

amounts of protein, as determined by quantitation, were resuspended using in gel 

loading buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 
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and 0.01 % bromophenol blue). Samples were heated at 95°C for 10 minutes prior to 

loading on gels. Samples were then loaded into wells, and electrophoresed at 120 V 

for approximately 1.5 hours, or until the blue indicator dye reached the bottom of the 

gel. PVDF membranes (Amersham-Pharmacia) were activated by soaking in 

methanol, and gels were then transferred to PVDF overnight at 20V in the cold room, 

or at 70V for 2 hours at room temperature using cold transfer buff er (25 mM Tris 

base, 0.2 M glycine, 20% methanol). Following transfer, blots were immersed in 

methanol, dried at room temperature for at least 10 minutes, then re-wet by 

immersing in methanol. The methanol was removed, and membranes were placed in 

TBST (10 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1 % Tween-20). TBST was then 

removed, and blocking buffer (5% dry milk in TBST) was added. Blots were 

incubated in blocking buffer for at least 2 hours, and then primary antibody was 

added in 20 ml of blocking buffer. The dilutions of primary antibodies used was: 

1 :2000 for p53, 1 :500 for cdc2, 1 :500 for p21, 1: 1000 for phospho-cdc2, 1: 1000 for 

Chk2, and 1 :5000 for 13-actin). Primary antibody incubations were carried out for 1 

hour at room temperature on a rocker. Blots were then washed four times for 5 

minutes each wash. Blots were then incubated with either HRP conjugated anti­

mouse (Amersham, 1 :2000) or anti-rabbit (Amersham, 1 :5000) secondary antibody 

for 30 minutes at room temperature in blocking buffer. For p53 immunoblots, anti­

sheep secondary antibody conjugated to biotin was used (1:10,000). Blots were then 

washed with TBST four times for 10 minutes each wash. For p53, blots were then 

incubated in TBST containing streptavidin-HRP (1:25,000). Detection of blots was 

carried out using the ECL-plus system (Amersham-Pharrnacia). Blots were placed 
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onto plastic wrap, and a volume (approximately 7.5 ml) of ECL reagent was added to 

each blot and incubated for 5 minutes. Blots were then wrapped and exposed to film. 

Antibodies used were as follows: p21 wafllcipt (Santa Cruz, C-19), cdc2 (Santa Cruz, C-

19), {)-actin (Sigma), p53 (Oncogene Research Products, Ab-1), Chk2 (Upstate), 

tyrosine 15 phosphorylated cdc2 (Cell Signaling Technologies). 

Densitometric evaluation of protein expression 

Western blots were given numerous exposures to carefully establish low exposure 

films that had an approximately linear response of signal intensity vs protein amount. 

Films were scanned, and individual protein bands were analyzed using NIH image 

software to generate peaks. Baseline density was selected according to the 

background of the film in the region of the band, and the area under each peak was 

measured. Resulting numbers were then normalized to an internal control band for 

each lane, usually {)-actin. 

Assessment of protein stability by pulse-chase analysis 

Passage 4 MEFs were seeded (1Xl06 cells per plate) into 100 cm2 dishes, and 

cultured for 16-20 hours in complete growth medium as already described. Cells 

were then labeled using 200 µCi/ml of a mixture of [35S]L-methionine and [35S]L­

cysteine (TRANS-Label, ICN) in complete medium for 2 hours. Following labeling, 

cells were quickly washed twice with PBS, and complete media containing 2 mM 

each of unlabeled L-methionine and L-cysteine was added to each plate. Cells were 

immediately returned to the incubator. After the appropriate time of incubation, cells 
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were quickly washed IX with PBS, and 300 µl of cold lysis buffer (50 mM Tris-HCL 

pH 8.0, 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM PMSF, 10 µg/ml aprotonin, 

10 µg/ml leupeptin, 1 mM sodium fluoride, and 1 mM sodium orthovanadate) was 

added to each plate. After incubation at room temperature for 10 minutes, plates were 

then scraped into 1.5 ml centrifuge tubes. Samples were then incubated on ice for 30 

minutes, and cleared by centrifugation (10,000 rpm for 10 minutes). Protein was 

quantitated by the Bradford assay, and an equivalent amount of each protein lysate 

was transferred to a new tube. Samples were then immunoprecipitated using 

monoclonal antibody to p53 (clone pAb421, Oncogene Research Products). For 

immunoprecipitation, lysis buffer plus 3 mg/ml of BSA was added to each cell extract 

with 1 µg of antibody to a final volume of 300 µI. Samples were incubated in the 

cold room for 1 hour, and 20 µl of Protein A/G beads (Santa Cruz) were added to 

each sample. Samples were incubated for an additional 30 minutes in the cold room 

on a rocker. Following incubation with the beads, samples were centrifuged at 5,000 

rpm for 30 seconds. The supernatant was poured off, and the beads were 

subsequently washed 3 times using cold lysis buffer, centrifuging between washes. 

After the final wash, the samples were resuspended in 2X sample buffer (IX buffer is 

described above in "preparation of cell whole cell lysates"). Samples were heated 

and loaded onto 10% SDS-P AGE gels, followed by electrophoresis. Gels were then 

placed onto Whatman paper, and dried on a gel drier (Savant) for 2 hours at 70°C. 

Dried gels were then exposed to film overnight to detect protein. 
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Culture and treatment of mouse splenic T cells 

Mouse spleens were obtained froml2-32 week-old mice, and were disrupted in PBS 

by passage through 16 and 18 gauge needles. Low-density cells were then isolated by 

ficoll-hypaque separation. Approximately 7 ml of cells in PBS were layered onto the 

ficoll-hypaque (Sigma), and then were centrifuged at 1700 rpm for 30 minutes. The 

low-density band of cells was removed, and washed twice in PBS. Cells were then 

counted and resuspended at a density of 1Xl06 cells per ml in RPMI with 10% fetal 

calf serum (FCS) , 2 mM L-glutamine, 100 U/ml penicillin and streptomycin (Gibco­

BRL). Freshly prepared concanavilin A (Sigma) was then added to a final 

concentration of 2.2 µg/ml, and cells were incubated in T-25 or T-75 flasks for 48 

hours. For treatment of cells with IR, cells were subdivided after the 48 hour 

incubation into treatment groups in T-25 flasks and irradiated as done for the MEFs. 

Cells were then recovered by centrifugation, and protein extracts were obtained as 

described in "preparation of cell lysates". 

p53 binding assay 

Binding of p53 to its consensus sequence was assessed from irradiated, whole-cell 

extracts as previously described (Wu, Huang et al. 1997; Luo, Yang et al. 2001), 

using a modified procedure to precipitate oligonucleotide bound p53 protein. The 

p53 consensus sequence, TACAGAACATGTCTAAGCATGCTGGGGACT 

conjugated to agarose beads as well as beads containing a control, scrambled p53 

sequence were obtained (Santa Cruz Biotechnology). Cells were treated with IR 

(either MEFs or splenocytes cultured as described above). Cells were centrifuged, 

31 



washed in PBS, and resuspended in approximately 5 volumes of lysis buffer 

containing 0.5% NP-40, 150 mM NaCl, 20 mM HEPES pH 7.9, lmM DTI, 10 µg/ml 

of pepstatin and aprotonin, and 1 mM PMSF. Equivalent amounts of protein (100-

500 µg) were incubated in a 0.5 ml volume of lysis buffer in the presence of the 

agarose bead/oligonucleotide conjugate. Incubation was carried out in binding buffer 

(10% glycerol, 2.5 mM MgC12, 50 mM NaCl, 20 mM HEPES pH 7.9, 0.5 mM DIT), 

followed by extensive washing of the beads in binding buffer. Electrophoresis of 

active p53 protein bound to the beads was carried out on 10% SDS-PAGE gels, and 

was detected by Western blot with anti-p53 antibody. 

Hematopoietic progenitor assays 

Hematopoietic progenitors assays were performed using bone marrow or fetal liver 

hematopoietic cells. For bone marrow isolation, mice hindlimbs were obtained. The 

bones from each mice were flushed (using a 1 ml syringe equipped with a 25 gauge 

needle) with 1 ml of PBS into a 50 ml conical tube. Cells were then washed twice 

with PBS, then resuspended in 10 ml of RPMI containing 20% FCS and 100 U/ml 

penicillin-streptomycin. An aliquot was then taken out and counted using a 

hemacytometer, and a portion of the cells were then resuspended at a concentration of 

5Xl05 cells per ml in RPMI/20%. For analysis of TNF-a. induced hypersensitivity of 

progenitors, cultures were established in 1 % IMDM methylcellulose culture medium, 

with 30% FCS, 50 ng/mL recombinant murine Steel factor (lmmunex), 1 U/mL 

recombinant human erythropoietin (Amgen), 5% vol/vol pokeweed mitogen spleen 

conditioned media (PWMSCM) and 0.1 mmol hemin (Sigma). To accomplish this, a 

32 



mix was established containing everything but TNF-a and cells. For growth of 

hematopoietic progenitors in mitomycin c, cultures included 1 % IMDM 

methycellulose, 30% FCS, 20 mM L-glutamine, 200 U/ml penicillin/streptomycin, 80 

µM {3-mercaptoethanol, 10 ng/ml Steel factor, 10 ng/ml GM-CSF, and 100 U/ml IL-

3. The mix was added to 15 ml round-bottom tubes at 3.6 ml each. 400 µl of cells 

(for a final concentration of 5Xl04 bone marrow or 2.5Xl04 fetal liver cells per ml) 

were then added to each tube, followed by the appropriate amount of murine 

recombinant TNF-a (R&D Systems) or mitomycin c (Sigma). The tubes were then 

vortexed and allowed to sit at room temperature for 15-30 minutes (to allow bubbles 

to settle out). The methylcellulose culture mixture was then plated by dispensing I 

ml of the mixture in triplicate onto 35 mm culture dishes using a 3 ml syringe 

equipped with an 18-gauge needle. Cells were incubated at 37°C, 5% CO2, and 

lowered (5%) 0 2. CFU-GM colonies were scored on day 7 of culture by an 

investigator who was blinded to the genotypes of the cultures. 

Measurement of cell hypersensitivity to TNF-a 

For determining the hypersensitivity of MEFs to TNF-a, cells were first plated onto 

10 cm dishes at a cell concentration of 1Xl06 cells/ml in regular growth media as 

described above. Twenty-four hours later, the media was changed to contain 50 

ng/ml of TNF-a, and cells were cultured for 72 hours. Cells were then trypsinized, 

washed, resuspended in I ml of media, and an aliquot of cells was counted in 

triplicate the presence of trypan blue ( 1: I vol/vol) to assess viable cell numbers. 
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Measurement of apoptosis in MEFs after TNF -q treatment 

To assess apoptosis in MEFs, cells were plated as described above, treated with 50 

ng/ml of TNF-a, and cultured for 48 hours. Cells were then trypsinized, washed in 

PBS and transferred to 4 ml flow tubes for analysis by either the TUNEL assay using 

the APO-Direct system, or Annexin-V (BD Pharmingen). For TUNEL, cells were 

fixed by adding 1 ml of a solution of 1 % paraformaldehyde, and fixation was carried 

out for 15 minutes on ice. Fixed cells were then washed twice in PBS, then 3 ml of 

70% ethanol was added, and cells were stored in the freezer for 30 minutes to 

overnight. Cells were then centrifuged and resuspended and washed using wash 

buffer (BD Pharmingen). Cells were then resuspended in 50 µl of DNA labeling 

solution (10 µl reaction buffer, 0.75 µI TdT enzyme, 8 µl of BrdU, to 50 µl in water 

for each reaction), and incubated for 60 minutes at 37°. Cells were then washed twice 

in Rinse buffer (BD Pharmingen), resuspended in antibody solution (5 µl anti FITC­

BrdU to 100 µl in rinse buffer), and incubated for 30 minutes at room temperature. 

To this was added 0.5 ml of a solution of 50 µg/ml of propidium iodide (Sigma) with 

10 µg/ml of Rnase A, and incubation was done at room temperature for 30 minutes. 

Cells were analyzed on a flow cytometer using bivariate analysis. For annexin V 

staining, cells were washed twice with PBS, and resuspended in IX binding buffer 

(BD Pharmingen). Annexin-FITC was then added to 100 µI of cells (5 µl), and cells 

were incubated at room temperature for 15 minutes in the dark. A 50 µg/ml (400 µl) 

solution of propidium iodide was then added to the cells, and bivariate analysis was 

carried out. Apoptosis was measured in triplicate, and graphs were made of percent 

apoptosis. 
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Statistical analysis 

Statistical analysis was performed as described in each figure legend. Statistics were 

assessed using the graphical and statistical analysis software, Prism (GraphPad 

Software). For assessment of the G2 checkpoint by BrdU pulse and flow cytometry, 

the percentage of cells in three independent experiments was averaged. The p values 

were determined using a paired t test, pairing each independent set of data. For 

mitotic index, growth of hematopoietic progenitors, growth of MEFs, and apoptosis 

of MEFs, a simple unpaired t test was performed for the representative experiment 

shown. For analysis of the survival of mice, a Kaplan-Meier plot was used. These 

statistics were evaluated using rank-order analysis. 

Histology and lmmunohistochemistry 

Mice that were moribund were sacrificed and autopsied by a veterinary pathologist. 

Tissues and tumors were fixed in 10% formalin, and paraffin sections were obtained. 

Immunohistochemistry was used to specifically identify the lineage of malignant cells 

in some tumors using Mac-2 (M3/38, Cedarlane Laboratories) antibody, which is a 

widely accepted marker of tissue macrophages/monocytes in myeloid malignancy 

(Eischen, Rehg et al. 2002). Immunohistochemistry was performed as recommended 

by the antibody supplier. Donkey anti-rat secondary antibody (Jackson 

Immunoresearch) was detected using the streptavidin-HRP LSAB2 system (Dako). 

35 



RESULTS 

The Fanconi anemia group c protein (Fancc) is required for proper 

function of the DNA damage-induced G2 checkpoint 

Murine (Fancc) and human (FANCC) fibroblasts do not maintain the IR­

induced G2 checkpoint. 

Since FA cells exhibit a high level of genetic instability, we hypothesized that the 

Fancc protein might be involved in regulating cell cycle checkpoint function. We 

utilized a previously established murine model developed using homologous 

recombination (Chen, Tomkins et al. 1996) as a source of primary cells to test the 

hypothesis that the murine homologue (Fancc) of Fanconi Anemia Type C (FANCC) 

functions in checkpoint control. Primary cells were utilized in this study due to the 

likelihood that immortalization significantly alters checkpoint function (Kaufmann, 

Levedakou et al. 1995; Wade and Allday 2000). 

We first tested whether Fancc has a role in the G2 checkpoint, which is strongly 

induced by treating cells with DNA damage. The G2 checkpoint was assessed 

because this post-replication checkpoint is required for efficient DNA repair and 

genomic stability prior to the entry of cells into mitosis (Xu, Weaver et al. 1999; 

Brown and Baltimore 2003). To test this hypothesis, the cell cycle kinetics of a 

defined population of primary Fancc+/+ and Fancc-1- murine embryo fibroblasts 

(MEFs) were examined following treatment with ionizing radiation (IR). IR was 

used for several reasons. First, checkpoint function after IR is well defined (Kuerbitz, 
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Plunkett et al. 1992). Second, IR induces only a weak S phase arrest (Lamer, Lee et 

al. 1994), allowing the measurement of the G2 checkpoint at later timepoints. Third, 

FA cells have been shown to respond aberrantly to IR (Liu, Lamerdin et al. 1997; 

Garcia-Higuera, Taniguchi et al. 2001). Cells were initially exposed to 

bromodeoxyuridine (BrdU) to mark a defined population of primary cells in S phase 

and monitor their progression through G2 and M phases of the cell cycle, similar to 

methodology used previously (Hirao, Kong et al. 2000; Chen, Hurov et al. 2001). 

Consistent with previous studies, (Gorczyca, Gong et al. 1993), we found that MEFs 

did not undergo significant apoptosis after IR treatment (data not shown). Following 

pulse BrdU labeling, cells were treated with IR, cultured for the indicated times, and 

analyzed for simultaneous detection of BrdU and DNA content using flow cytometry 

(Figure 3a). The dot plots obtained from cells incorporating BrdU are shown, and a 

DNA histogram gated only on the BrdU positive cells is shown to the right of each 

dot plot. The pulsed cells were arrested with primarily 4n DNA content by eight 

hours following IR treatment in both genotypes. Fancc+/+ cells remained in G2/M 

at 12, 16, and 20 hours following IR as shown. In contrast, while Fancc-1- cells were 

arrested in G2/M 8 hours after treatment, Fancc-1- cells began to exit G2/M and enter 

G 1 of the next cell cycle by 12 hours. Approximately 30% of the labeled Fancc-1-

cells progressed into G 1 or S phase of the next cell cycle by 16 and 20 hours after IR. 

The data are summarized in a graph depicting the result from 3 independently isolated 

MEF lines (Figure 3b). 
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Figure 3 

Primary Fancc-1- murine embryo fibroblasts (MEFs) exhibit a decreased ability to 

maintain G2/M arrest after IR treatment. a, Progression of a marked, S phase 

population of cells as they progress through the cycle after 10 Gy of IR treatment. 

The dot plot (left) depicts BrdU incorporation (S phase cells) detected with a FITC 

anti-BrdU antibody on the y-axis, and propidiurn iodide (Pl) to detect DNA content 

on the x-axis. The gated population of S phase cells is represented by the histogram 

(right of each dot plot). b, The graph numerically shows the progression of the S 

phase marked cells from a through the cell cycle as a function of time. Percent G2/M 

is shown on the y-axis, and time following IR treatment is shown on the x-axis. A 

mean of 3 independent experiments is shown. Statistical significance was assessed 

using the paired t test. 
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To determine whether the checkpoint abnormality observed in Fancc deficient MEFs 

was also evident in human F ANCC deficient cells, primary F ANCC deficient 

cutaneous fibroblasts were examined using the same methodology. Fibroblasts from 

two F ANCC deficient FA patients were transduced with a retrovirus encoding both 

recombinant F ANCC and the neomycin phosphotransferase (neo) cDNA or a 

retrovirus containing the neo selectable marker gene only. Transduced cells were 

positively selected by culture in the neomycin analogue, G4 l 8. Since adult human 

fibroblasts had a longer doubling time and increased sensitivity to IR as compared to 

murine embryonic fibroblasts, the time course and IR dosage were modified. Cells 

were treated with BrdU for one hour, exposed to 5 Gy of IR, and cultured for up to 48 

hrs. Eight hours after IR treatment of cells from both patients, a large majority of the 

BrdU labeled F ANCC gene-corrected as well as control cells lacking F ANCC were 

arrested with 4n DNA content (Figure 4a). However, while most of the cells 

expressing recombinant FANCC (corrected) maintained the arrest at 24 and 48 hours 

post-irradiation, a much higher percentage (30-40% more) of the patient fibroblasts 

expressing only the neo gene (uncorrected) exited G2 and mitosis, and are observed 

in Glor S phase of the subsequent cell cycle (Figure 4b). These data demonstrate that 

a significant portion of cells lacking functional mouse Fancc and human F ANCC did 

not maintain a cell cycle arrest at 4n as compared to controls expressing functional 

FANCC. 

IR induces a checkpoint in G2 prior to the onset of mitosis (Paules, Levedakou et al. 

1995). Therefore, to specifically measure the G2 checkpoint, we measured the 
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Figure 4 

Introduction of F ANCC corrects the inability of primary human F ANCC deficient 

fibroblasts to maintain G2/M arrest after IR. a, Progression of a marked population 

of primary human fibroblasts from two patients with F ANCC mutations expressing 

either recombinant FANCC or a control neo virus after 5 Gy of IR treatment. Cells 

were labeled for 1 hour with BrdU, irradiated, and harvested at the indicated time 

after treatment. The dot plots represent BrdU incorporation on the y-axis, and DNA 

content (PI) on the x-axis. The gated population, shown as a box on the dot plot, is 

plotted as a histogram below each dot plot for each time point. b, The graph depicts 

the percent of marked cells in G2 at each time point from a. Percent G2 is shown on 

the y-axis and time after IR treatment is shown as a function of increasing time post­

irradiation. The data shown is a representative of 2 independent experiments with 

similar results. 
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mitotic index of murine Fancc-1- and Fancc+/+ cells after treatment with IR (Figure 

5a). As expected, a reduction (approximately 50%) of cells in mitosis was observed 

in Fancc+/+ cells 16 hours following IR treatment. Though a small reduction of 

mitotic cells was also observed in Fancc-1- MEFs (approximately 15%), a 

significantly increased percentage of Fancc-1- cells were observed in mitosis 

following IR treatment. In human fibroblasts, a large IR-induced reduction 

(approximately 80%) in mitotic index was observed in the FANCC mutant cells 

corrected by expressing recombinant FANCC protein (Figure 5b). In contrast, the 

FANCC mutant cells transfected with the selectable marker (uncorrected) 

demonstrated a significantly increased rate of mitosis compared to corrected cells 

after IR treatment (40% reduction in uncorrected cells vs 80% in corrected cells). 

Together, data from primary human FA cells and from Fancc mutant fibroblasts 

demonstrate that FANCC deficient cells induce but do not maintain IR-induced G2 

checkpoint. 
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Mouse and human cells lacking functional Fancc have a defective G2 checkpoint. 

a, Fancc+/+ and Fancc-1- MEFs were treated with 10 Gy of ionizing radiation. Cells 

were harvested 16 hours later, and stained with DAPI. Percent mitosis was assessed 

by chromatin condensation and nuclear envelope breakdown. Approximately 1000 

nuclei were scored in triplicate for each condition by an investigator blinded to the 

genotypes. Mitotic index is shown on the y-axis, and the genotypes indicated below 

the graphs. The bars depict the data from control, cells that did not receive ionizing 

radiation (NT), or ionizing radiation treated cells (IR). The data shown are 

representative of 3 independent experiments with similar results. Statistical analysis 

was assessed using the student's t test. b, Human FANCC mutant cells were 

transduced with a retrovirus expressing either recombinant F ANCC (plus neo) or a 

control neo gene. Cells were selected in G418, and were treated with 5 Gy of 

ionizing radiation. After 24 hours, cells were harvested and scored as in a, and the 

data are presented and analyzed as shown in a. 
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Specific investigation of the G2 checkpoint in Fancc-1- cells using a detailed 

sequential analysis of mitotic index following IR treatment 

Previous studies have indicated that biochemical pathways exist for both the 

induction and maintenance of the G2 checkpoint (Xu, Kim et al. 2002; Brown and 

Baltimore 2003) (Figure 2). Experiments in Figures 3 and 4 demonstrate that arrest 

in G2/M occurred at early time points following IR treatment in Fancc-1- cells, but 

that this arrest was not maintained to the extent seen in Fancc+I+ cells. Data in 

Figure 5 indicated that the G2 checkpoint specifically is defective in Fancc-1- cells. 

We therefore specifically investigated the G2 checkpoint in Fancc-1- cells in greater 

detail to test whether Fancc is important for the initiation or maintenance of the G2 

checkpoint. Mitotic indices were measured as a function of time following treatment 

of asynchronously growing Fancc+I+ and Fancc-1- cells with 10 Gy of IR (Figure 6). 

Consistent with previous results in numerous cell models (Paules, Levedakou et al. 

1995; Bunz, Dutriaux et al. 1998; Brown and Baltimore 2003), we observed a 

profound reduction in mitotic index by 1 hour after IR treatment in Fancc+/+ cells. 

Similar results were obtained in Fancc-1- cells, indicating induction of the G2 

checkpoint. In contrast, while Fancc+/+ cells maintained the reduced mitotic state at 

least up to 16 hours post-IR, Fancc-1- cells began to exit G2 and enter mitosis at 6 

hours. By 16 hours after IR, the proportion of Fancc-1- cells that were in mitosis was 

approximately equivalent to the untreated controls. 
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The G2 checkpoint is not maintained in Fancc-1-MEFs. Cells were treated with 10 

Gy of IR, and cultured for the indicated time period. Cells were then fixed and 

stained with DAPI, and mitotic index (at least 3000 cells per data point) was scored 

(by chromatin condensation) in triplicate. The data are shown as percent mitotic 

index (y axis) as a function of time (x axis). A representative of 2 independent 

experiments is shown. Statistical significance was assessed by the student's t test. 
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To test whether the G2 checkpoint was functional in Fancc-1- cells in mice in vivo, 

we compared the induction and maintenance of G2 in keratinocytes from irradiated 

Fancc+/+ and Fancc-1- mice. Dorsal skin sections from the mice irradiated 6-24 

hours prior to sacrifice were processed and analyzed by immunohistochemistry for 

phosphorylated histone H3, which is specifically observed in mitotic cells (Wei, Yu et 

al. 1999). A dramatic reduction in the percentage of phospho-histone H3 positive 

cells was observed at 6 hours after IR treatment in both Fancc+/+ and Fancc-1- skin 

sections (Figure 7). However, while this reduction in mitotic cells was maintained in 

Fancc+/+ skin keratinocytes after 24 hours, the percentage of mitotic cells had 

increased to untreated levels in Fancc-1- keratinocytes. Overall these data indicate 

that, in primary cells Fancc is dispensable for initiation but required for proper 

maintenance of the G2 checkpoint. 
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Figure 7 

The G2 checkpoint is not maintained in Fancc-1- keratinocytes in vivo. Age and 

sex matched mice were treated with 5 Gy of IR, and skin sections were obtained and 

processed as described in Materials and Methods for detection by 

immunohistochemical staining using antibody specific to phosphorylated histone H3. 

Mitotic index was blindly assessed by scoring mitoses in keratinocytes in the 

squamous epithelium, and the results are expressed as percent of control (y axis) as a 

function of time after IR treatment (x axis). The mitotic index for keratinocytes in 

untreated mice was approximately two mitotic events per high power field. Each data 

point represents the mean of 3 mice scored at each time point. 
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The Gl checkpoint is properly induced in Fancc-1- cells. 

The G 1 checkpoint is also strongly induced following treatment of cells with IR, 

therefore we questioned whether Fancc-1- cells were proficient in inducing the G 1 

checkpoint. To test this hypothesis, we treated asynchronous cells with IR and 

determined the number of cells that entered S phase from G 1, similar to previously 

published methodology (Brugarolas, Chandrasekaran et al. 1995). Cells in S phase at 

the time of IR treatment had exited S phase after 12 hours, therefore only cells 

entering S phase from G 1 were measured 12 to 24 hrs after IR treatment. Wild type 

cells demonstrated approximately a 95% reduction in the number of cells entering S 

phase, indicating a G 1 arrest in the presence of IR (Figure 8). Similar data were 

obtained in Fancc-1- cells, indicating that the G 1 checkpoint was functional in the 

absence of Fancc. 
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The Gl/S checkpoint is functional in Fancc-1- cells. Asynchronous MEFs were 

treated with 10 Gy of IR, and incubated with BrdU for one hour after culture for the 

indicated time periods. Cells were then fixed and analyzed for BrdU incorporation. 

The cell cycle profiles are shown, with BrdU on the y-axis, and DNA content (Pl) on 

the x-axis. The respective Fancc-1- or Fancc+/+ genotypes are shown at the top. A 

graph depicting percent of control cells in S phase as a function of time after IR is 

shown below. Percent S phase is shown for the gated population for each condition. 

The data shown are a representative of 3 independent experiments with similar 

results. 

50 



Evaluation of cdc2 phosphorylation in Fancc-/- cells followin2 IR. 

A critical regulator of the G2/M transition is the phosphoprotein cdc2, which is highly 

regulated during G2 and M phase (Morla, Draetta et al. 1989). Dephosphorylation of 

the tyrosine 15 residue of cdc2 is required for cells to proceed from G2 into mitosis, 

and sustained phosphorylation of tyrosine 15, which occurs as a result of DNA 

damage, prevents entry of cells into mitosis (Morla, Draetta et al. 1989; Norbury, 

Blow et al. 1991). As cells move into mitosis, tyrosine 15 is rapidly de­

phosphorylated (Morla, Draetta et al. 1989). We therefore determined whether the 

inability of Fancc-1- cells to maintain the IR-induced G2 checkpoint was associated 

with altered cdc2 phosphorylation. Fancc+/+ and Fancc-1- cells were treated with 

IR, and phosphorylation of cdc2 was assessed by western blotting of protein extracts 

using antiserum specific to tyrosine 15 phosphorylated cdc2 (Figure 9a). A modest 

induction of tyrosine phosphorylation was observed in both Fancc+/+ and Fancc-1-

cells after IR treatment. Interestingly, while tyrosine 15 phosphorylated cdc2 was 

evident at all time points following IR in Fancc+/+ cells, we observed that cdc2 

phosphorylation was decreased significantly by 12 hours post-IR in Fancc-1- cells, 

and decreased several fold by 16 and 20 hours. A correlation between increased 

mitotic index and decreased tyrosine 15-phosphorylated cdc2 is clearly seen (Figure 

9b). 

The Atm and Atr kinases are important regulators of the G2 checkpoint, and 

collectively induce a signaling cascade that results in tyrosine 15-phosphorylated 

cdc2, which activate and maintain the G2 checkpoint (Matsuoka, Huang et al. 1998; 
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Brown and Baltimore 2003). One important target of Atm is the checkpoint kinase 

chk2 (Matsuoka, Huang et al. 1998). We therefore tested whether chk2 was activated 

normally in Fancc-1- cells. In both Fancc-/- and Fancc+/+ cells, chk2 was converted 

to the phosphorylated, slower migrating form following IR treatment (Matsuoka, 

Huang et al. 1998), indicating that Fancc is not required for the phosphorylation of 

chk2 (Figure 9a). 

Since FA cells are hypersensitive to interstrand DNA crosslinking agents, we also 

tested whether tyrosine 15-phosphorylated cdc2 was maintained in Fancc-1- cells 

after treatment with cisplatin. Tyrosine phosphorylated cdc2 was strongly induced by 

cisplatin (Figure 9c). In contrast to IR, the phosphorylation of cdc2 was strongly 

maintained in Fancc-1- cells after cisplatin treatment. This is in agreement with 

analogous studies using mitomycin c as a crosslinking agent (Kruyt, Dijkmans et al. 

1997). 

Taken together, these data indicate that the inability of Fancc-1- cells to maintain the 

IR-induced G2 checkpoint correlated with decreased tyrosine 15-phosphorylated 

cdc2. Furthermore, this observation appears to be dependent on the type of DNA 

damage, as Fancc-1- cells maintained tyrosine 15 phosphorylation of cdc2 in the 

presence of cisplatin, but not IR. 
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The phosphorylation of tyrosine 15 of cdc2 is not maintained in Fancc-1- cells 

following ionizing radiation, and correlates with increased mitotic entry. a, Cells 

were either untreated (NT) or treated with 10 Gy of ionizing radiation (IR), cultured 

for the indicated time periods, and protein extracts were analyzed by western blotting 

using antibodies specific to the indicated protein. Total protein levels are normalized 

using B-actin as a control. A representative of 3 independent experiments is shown. 

b, Correlation of mitotic index with phosphorylated cdc2. The mitotic index values 

obtained from Figure 5 (lefty axis) were graphed in relationship to tyrosine 15 

phosphorylated cdc2 (right y axis). Time after IR treatment is shown on the x-axis. 

Tyrosine phosphorylated cdc2 was assessed by densitometry (of blots from a) and 

normalized by comparison to the loading control to obtain normalized density units 

(right y axis). Bothy parameters were graphed as a function of time following IR 

treatment. The curves obtained for Fancc+I+ cells are shown above, and for Fancc-

1- cells are below. c, Cells were either untreated (NT) or treated with 50 µM cisplatin 

(CDDP) for 1 hour, and cultured for the time period indicated above each lane. 
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Protein extracts were obtained as described in a, and were analyzed by western 

blotting using antibody specific to cdc2 or tyrosine 15 phosphorylated cdc2. Total 

protein is normalized using ~-actin as a control. A representative of 2 independently 

performed experiments with similar results is shown. 

55 



Fancc and p53 cooperate in G2 checkpoint control 

Previous studies have demonstrated a critical function in G2 checkpoint control for 

the tumor suppressor p53, since cells lacking p53 do not maintain the G2 checkpoint 

(Paules, Levedakou et al. 1995; Bunz, Dutriaux et al. 1998; Flatt, Tang et al. 2000). 

Fancc may function in the G2 checkpoint in a pathway distinct from p53 to maintain 

G2, or in a p53 dependent pathway. To differentiate between these two possibilities, 

we crossed heterozygous Fancc and Trp53 mutant mice on a C57BL/6J background, 

and measured the G2 checkpoint in MEFs after treatment with IR. We first measured 

the ability of MEFs of the F2 progeny to maintain arrest at 4n by tracking BrdU 

pulse-labeled MEFs (Figure 10). We analyzed Fancc-/-;Trp53+/- and 

Fancc+/+;Trp53+/- heterozygous cells in this experiment. Analysis of 

Fancc+/+;Trp53-I- and Fancc-/-;Trp53-/- cells were precluded from this analysis 

because the extreme polyploidy of p53 null cells after IR treatment made it 

impossible to track the BrdU pulsed cells (too many of these cells had >4n DNA 

content, data not shown). Trp53+/- cells that were wildtype at Fancc escaped the 

arrest at 4n DNA content at a higher rate than cells wildtype at Trp53. Importantly, 

there was an increase in the escape from 4n arrest in cells that were mutant in both 

Fancc and Trp53. 

To specifically measure the G2 checkpoint in MEFs doubly deficient in Fancc and 

p53, we determined the mitotic index of these cells from 1 to 20 hours after IR 

treatment (Figure 1 la,b). For clarity, the Fancc+/+;Trp53+/- and Fancc-l-;Trp53+/­

are shown in Figure 1 la, and the Fancc+/+;Trp53-/- and Fancc-l-;Trp53-/- are 
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shown in Figure 11 b; both graphs include Fancc+/+ and Fancc-1- cells for 

comparison. The virtual absence of mitotic cells at 1 hour following IR indicates a 

strong G2 checkpoint induction in cells of all p53 and Fancc genotypes. 

Interestingly, while some Fancc+/+;Trp53+/- cells were seen to enter mitosis at 

approximately 12 hours post-IR, Fancc-l-;Trp53+/- cells began entering mitosis 

earlier (at 6 hours) and the mitotic index was equal to untreated control cells by 12 

hours. Fancc+/+;Trp53-I- cells began to enter mitosis at approximately 12 hours, 

while Fancc-l-;Trp53-I- cells rapidly entered mitosis, being equal to untreated cells at 

6 hours, and doubled the mitotis of untreated cells by 12 hours. The observed 

increase and subsequent decrease in MI for the groups that exited G2 at earlier time 

points (particularly seen in the Fancc and Trp53 double mutants) appears to be due to 

a wave of cells that had accumulated in G2 during checkpoint induction and 

simultaneously entered mitosis. Collectively, these data indicate that Fancc and 

Trp53 cooperate in maintaining the G2 checkpoint. 
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F ancc and Trp53 cooperate in checkpoint Junction in response to IR. a, Arrest at 

4n DNA content assessed in cells mutant in both p53 and Fancc. MEFs were 

analyzed by following the progression of a marked S phase population using the 

BrdU pulse methodology as shown in Figure 1 a. Only the histogram for each 

analysis is shown. The respective genotypes are depicted at the top with the Fancc 

genotype listed first, and the time after IR treatment is shown to the left for each 

series. The data is representative of 3 independently performed experiments with 

similar results. 
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Fancc and Trp53 cooperate in maintaining the G2 checkpoint after IR treatment. 

a, b, Mitotic index (y axis) was blindly assessed by chromatin condensation, and 

plotted at a function of time (x axis) for the 6 genotypes shown. To prevent 

experimental bias, the investigator scoring the mitoses was blinded to the genotypes. 

A representative of two independent experiments is shown. Statistical comparison 

was performed using the student's t test. The Fancc-l-;p53+/- genotypes are shown 

in a, and Fancc-l-;p53+/- are shown in b. for clarity. 
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Potential role of the Fancc protein in genomic instability, and relation to p53 

dependent apoptosis. 

The genomic instability that occurs in cells from FA patients is well established, and 

the role of Fancc in G2 checkpoint control could be a significant factor in genomic 

instability and oncogenesis. Cooperation between Fancc and p53 in the G2 

checkpoint indicates that p53 can partially compensate for the phenotypic function of 

Fancc in the cell cycle. As pointed out previously, genomic instability (Connor, 

Bertwistle et al. 1997) and oncogenic stress (Zindy, Eischen et al. 1998) are potent 

activators of p53. This raises the question, could p53 also respond to loss of Fancc by 

initiating an apoptotic program in order to avoid oncogenesis? The experiments 

carried out in the next section answer the question of the involvement of p53 in the 

hypersensitivity of Fancc deficient cells to apoptosis. 
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Tumor suppressor p53 is an important determinant in the 

hypersensitivity of Fanconi anemia group c (Fancc) deficient cells to 

apoptosis 

The expression and function of p53 protein in primary murine F ancc-1- cells. 

The tumor suppressor p53 is strongly activated after treating cells with DNA damage 

(Kastan, Onyekwere et al. 1991). To determine the extent of p53 activation and 

whether p53 was appropriately activated in Fancc-1- cells, we first utilized primary 

cells from inbred Fancc-1- mice to investigate p53 function following DNA damage. 

Levels of p53 were measured by Western blotting in primary, passage 4 murine 

embryo fibroblasts (MEFs) that were exposed to ionizing radiation (IR) (Figure 12a). 

The course of p53 induction in wildtype cells was consistent with previous reports 

detailing the cyclic behavior of p53 induction following IR (Lev Bar-Or, Maya et al. 

2000). The amount of p53 protein observed following IR damage was modestly 

increased in Fancc-1- cells, analogous to previous studies using mitomycin c (Kruyt, 

Dijkmans et al. 1996; Kupfer and D'Andrea 1996). In addition, the basal p53 activity 

in Fancc-1- MEFs was modestly elevated (Figure 12b, mean of 3.2 ± 0.5 x 103 

normalized density units in Fancc-1- vs. 1.2 ± 0.1 x 103 density units in Fancc+/+, 

n=3). 
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Evaluation of p53 protein in Fancc-1- cells. a, Ionizing radiation induced p53 

protein in Fancc deficient cells. Murine embryo fibroblasts (MEFs) were either 

untreated (NT) or treated with 10 Gy of ionizing radiation (IR), cultured for the 

indicated time periods, and protein extracts (50 µg) were analyzed by Western 

blotting using antibody specific to p53. A representative of 3 independent 
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experiments with similar results is shown. Total protein levels are normalized using 

actin as a control, shown in the bottom panel. b, Quantitation of p53 protein levels in 

the absence of IR treatment. Protein level of p53 in the absence of IR treatment were 

detected by western blot and subjected to densitometric analysis as described in 

Materials and Methods. Low exposure films were used for analysis. Bands were 

normalized to an internal control (~-actin). The data depicts the mean density 

obtained from 3 independent experiments. 
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Since p53 protein levels are often dependent on stability, we hypothesized that the 

increased p53 levels in the absence of DNA damage in Fancc mutant MEFs might be 

a result of increased stability of p53 protein. To test this, p53 stability was measured 

using pulse-chase methodology (Figure 13). p53 protein in wildtype MEFs had 

completely turned over within 20 minutes, consistent with previous studies detailing 

the short half-life of p53 (Harvey and Levine 1991). In contrast, the turnover of p53 

protein in Fancc-1- MEFs was significantly lengthened. Labeled p53 protein was still 

detected in Fancc-1- MEFs at both the 20 and the 30 minute timepoints, indicating 

that p53 in Fancc deficient MEFs is more stable compared to p53 from Fancc+/+ 

MEFs. 

Chase time (minutes) 

p53---

Actin ~ 

Fi2ure 13 

Fancc+I+ 

0 20 30 60 

-

Fancc-1-

0 20 30 60 

--

Evaluation of p53 stability in F ancc-1- and F ancc+/+ MEF s. Cells were pulse­

labeled with 35S-methionine and 35S-cysteine, and chased for the indicated period of 

time with excess nonradioactive methionine and cysteine for the indicated time. 

Protein extracts from these cells were immunoprecipitated with anti-p53 antibody, 

analyzed by SDS-PAGE, and dried gels were exposed to film to detect radiolabeled 

p53. The data shown is representative of two experiments with similar results. 
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P53 functions as a transcription factor that binds to DNA at a consensus binding site 

(el-Deiry, Kem et al. 1992). To verify that p53 protein in Fancc-1- cells had nom1al 

DNA binding activity, we utilized a consensus p53-binding assay. Fancc deficient 

and wildtype splenic lymphocytes, which contain large amounts of p53 protein, were 

exposed to IR. Protein extracts were incubated with a p53 consensus oligonucleotide 

linked to agarose beads. In both Fancc-1- and wildtype lymphocytes, IR treatment 

induced p53 that bound to the p53 consensus DNA sequence (Figure 14). Consistent 

with induction of p53, protein levels of the p53 dependent protein, p21 was also 

activated in the Fancc-1- lymphocytes comparable to wildtype controls. These data 

indicate that the p53 protein derived from Fancc mutant cells binds DNA, and 

activates p53 dependent transcription. Collectively, these data indicate that p53 

protein is induced in primary F ancc mutant cells and is functional. 
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p53 derived from Fancc mutant cells is functional. Shown at left is a western blot to 

detect p53 and p21 levels in spleen lymphocyte extracts that were untreated (NT) or 

harvested 2 hours after treatment with ionizing radiation (IR). Shown at right, the 

same extracts were analyzed for binding of p53 to its consensus DNA binding 

sequence in the presence and absence of ionizing radiation treatment. A p53 

consensus oligonucleotide conjugated to agarose beads was used to precipitate active 

p53. A mutant oligo containing a scrambled p53 binding sequence conjugated to 

agarose beads was used as a control to demonstrate specificity for the p53 consensus 

sequence. The data shown are representative of 3 independent experiments with 

similar results. 
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The hypersensitivity of Fancc deficient cells to apoptosis is significantly p53 

dependent. 

The role of p53 in executing apoptosis has been well characterized in response to 

stress, including inhibitory cytokines such as tumor necrosis factor-alpha (TNF-a) 

and DNA damaging agents (Kastan, Onyekwere et al. 1991; Klefstrom, Arighi et al. 

1997; Yeung and Lau 1998; Ameyar, Shatrov et al. 1999). Since Fancc deficient 

cells are hypersensitive to cellular stresses that induce apoptosis, including TNF-a 

and IFN-y (Rathbun, Faulkner et al. 1997; Haneline, Broxmeyer et al. 1998; Rathbun, 

Christianson et al. 2000; Pang, Keeble et al. 2001; Pang, Christianson et al. 2002), we 

investigated if functional p53 was required for the increased apoptosis observed in 

Fancc-1- cells. To test this hypothesis, we intercrossed Fancc and Trp53 mutant mice 

to generate F2 animals deficient at both loci (Fancc-l-;Trp53-I-) and assessed the 

sensitivity of bone marrow derived hematopoietic progenitor cells to TNF-a. 

Myeloid progenitor cells were initially utilized since these cells are hypersensitive to 

low concentrations of TNF-a and loss of this hypersensitivity is observed in myeloid 

malignancies in an FA experimental murine model (Haneline, Li et al. 2003) and in 

FA patients (Lensch, Rathbun et al. 1999). An investigator who was blinded to the 

experimental genotypes scored cultures. Consistent with previous studies (Haneline, 

Broxmeyer et al. 1998), Fancc deficient cells were hypersensitive to TNF-a (Figure 

15a). Strikingly, this hypersensitivity was completely abrogated in cells lacking both 

Fancc and Trp53, indicating that the hypersensitivity of Fancc mutant cells to TNF-a 

is p53 dependent. We also tested whether the hypersensitivity of Fancc -/- cells to 

mitomycin c was p53 dependent. The extreme hypersensitivity of 
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Figure 15 

The apoptotic hypersensitivity of Fancc-1- hematopoietic progenitors to apoptosis is 

p53 dependent. a, Hematopoietic progenitor colonies from bone marrow low density 

mononuclear cells were cultured in the presence of increasing amounts of TNF-a. 

Colonies were scored, and the data are plotted as percent of control colony forming 

unit granulocyte-macrophage (CFU-GM) colonies scored in the absence of TNF-a. 

Percent of control is shown on the y-axis, and the TNF-a dose is shown on the x-axis. 

The mean of each data point is shown+/- standard deviation. Each genotype is 

indicated by the corresponding symbol shown in the legend at right. Statistics were 

assessed using the student's t test. The Fancc-l-;Trp53+/+ genotypes were 

statistically different from all other groups (p<0.001). A representative of two 

experiments conducted in triplicate cultures is shown. b, Effect of p53 deficiency on 

the hypersensitivity of Fancc-1- progenitors to mitomycin c. Hematopoietic colonies 

were scored in the presence and absence of increasing doses of mitomycin c. The 

data are shown as percent of control (untreated) colony formation, and each genotype 

is indicated by the corresponding symbol shown in the legend. The mean of each data 

point is shown+/- standard deviation. The-/-;-/- genotype were statistically different 

from Fancc-l-;Trp53+/+ progenitors from 2.5 to 50 nM mitomycin c concentrations 

(students t test, p<0.01). The data shown are representative of 3 independent 

experiments with similar results. 
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Fancc-1- progenitors were fully rescued at 2.5 and 5 nM mitomycin c, indicating that 

this hypersensitivity was significantly p53-dependent (Figure 15b). The rescue of 

mitomycin c hypersensitivity was extinguished at approximately 50-100 nM, 

indicating that a p53-independent pathway of apoptosis also contributed to the 

hypersensitivity of Fancc-1- cells to mitomycin c. 

We also measured TNF-a hypersensitivity to verify these observations in non­

hematopoietic cells. MEFs of the same F2 genotypes were cultured in the presence 

and absence of TNF-a (Figure 16a). Like Fancc deficient hematopoietic progenitors, 

the growth of Fancc-1- MEFs was abnormally sensitive to TNF-a. Genetic disruption 

of Trp53-I- abrogated this hypersensitivity phenotype in Fancc-1-; Trp53-I- cells. 

To test whether the rescue of TNF hypersensitivity in Fancc-1- cells was specifically 

due to deficiency of apoptosis in the absence of p53, we measured apoptosis induced 

by TNF-a. Fancc-1- MEFs, consistent with previous studies in hematopoietic cells 

(Haneline, Broxmeyer et al. 1998), underwent increased apoptosis compared to 

Fancc+/+ MEFs (Figure 16b). Importantly, this apoptotic hypersensitivity was 

rescued in Fancc-l-;Trp53-J- MEFs. These data indicate that the rescue of the 

hypersensitivity of Fancc-1- cells in the absence of p53 was specifically due to loss of 

the pro-apoptotic function of p53. 
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Taken together, these data show that the hypersensitivity of Fancc deficient cells to 

cytokine-mediated apoptosis and to an extent mitomycin c induced apoptosis, is 

rescued by inactivation of Trp53. 

71 



a 

::::;-150 
0 ..... ..... 
C: 
0 
(.) 

_g] 100 
E c<j 

::s ~ 
CC 

:::: ::s 

* 
112 

* 

U 'o 50 

b 

"O 
0 u. 

..... 
C: 
(l) 

2 
(l) 

8 o 

15 

0 
*P<0.005 

*p<0.005 

* 

+/+ ;+/+ Fancc -/-;+/+ +l+;p53 -I-

72 

-/-; -/-



Figure 16 

The hypersensitivity of Fancc-/- cells to TNF-a induced apoptosis is p53 dependent. 

a, The hypersensitivity of primary, Fancc -/- MEFs to TNF-a is dependent on p53. 

MEFs were cultured in the presence and absence of TNF-a (50 ng/ml), and were 

counted after 72 hours of culture. A representative experiment (n=3) with similar 

results is shown. The change in cell number due to TNF-a treatment is expressed as 

percent of control, untreated cells for each genotype. Percent of control is shown on 

the y-axis, and the genotype is shown beneath each bar. Statistical analysis was 

performed using the students' t test. The difference between the +l+;Trp53-/- and-/­

;-/- groups are not statistically significant. b, The elevated apoptosis in primary Fancc 

deficient MEFs is dependent on p53. MEFs were cultured in the presence and 

absence of TNF-a (50 ng/ml), and analyzed for apoptosis by the TUNEL assay. 

Apoptosis as measured by TUNEL is depicted as fold induction of apoptosis by TNF­

a compared to untreated cells. Fold induction is shown on the y-axis, and each 

genotype is shown below the bars. The mean of 3 experiments is shown. 
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F ancc and Trp53 cooperate in tumori2enesis 

The increased p53 levels in Fancc-1- cells, and ability of p53 to modulate apoptosis in 

Fancc-1- cells suggested that Fancc and Trp53 might cooperate in vivo. To test this 

hypothesis, compound Fancc and Trp53 heterozygotes were mated to produce 

offspring (F2) that were mutant at Trp53, Fancc, or both alleles. The expected 

Mendelian frequency was obtained for all genotypes of the 399 mice generated from 

the intercross with the exception of mice that were nullizygous at both Fancc and 

Trp53. The actual number of viable animals with this genotype was only 1/70, 

compared to the expected frequency of 1/16 (p<0.001 comparing number of viable 

embryos to predicted frequency), indicating a lethal developmental defect in 

approximately 75% of these embryos. 

Though Fancc-1- mice do not spontaneously develop tumors, Trp53+!- and Trp53-/­

mice have a high incidence of lymphoma and sarcoma. Mice from the Fancc and 

Trp53 genetic intercross were monitored weekly for tumor formation (Figure 17). A 

total of 107 mice of the 6 genotypes shown in the figure were monitored for 1.5 years. 

Consistent with previous studies, Fancc-1- mice did not develop tumors, and tumor 

formation and survival in Trp53+/- and Trp53-!- C57Bl/6 mice were comparable to 

previous studies using this mouse line (Jacks, Remington et al. 1994). Trp53+/- and 

Trp53-!- mice had a median survival of 534 and 185 days, respectively. Importantly, 

absence of the F ancc gene significantly reduced the latency of tumor formation in 

both Fancc-!-;Trp53+/- and Fancc-l-;Trp53-/- mice with a median survival of 336 

and 105 days, respectively (Figure 17). 

74 



90 

80 

~ 70 

> 
·;;4 60 

;..., 
:J 

'(/) 50 
...... 
C:: 40 
<1) 
0 
;..., 
(1) 30 

0-. 
20 

10 -0--- -/-; -/­
(n=7) 

--a- F ancc+/+; p53-/­
(n=21) 

-.-+I+;+/+ 
(n=20) 

---ls-Fancc-1-; p53+!+ 
(n=20) 

----Fancc+/+; p53+/­
(n=11) 

--o--Fancc-/-; p53+/­
(n=22) 

0+-----~--++---~----j--~---~---~~--~ 
0 

Figure 17 

200 300 

Days 
400 500 600 

F ancc and p53 cooperate in the progression of tumorigenesis in mice. Mice that 

were Fancc and Trp53 deficient were monitored long term (1.5 years) for tumors 

( 107 total mice). Mice were sacrificed at the observance of tumors or significant 

morbidity. A Kaplan-Meier plot of percent survival (y axis) as a function of time (x 

axis) is shown. The genotypes are indicated next to each plot. The number of mice 

(n) in each group were:-/-;-/-: n=7, Fancc+l+;Trp53-/-: n=21, Fancc-/-;Trp53+/-: 

n=22, Fancc+l+;Trp53+/-: n=17, Fancc+/+;Trp53+/+: n=20, and+/+/+/+: n=20. 

Statistical significance of differences in survival between the groups was assessed by 

log rank analysis: p<0.0001 comparing Fancc+/+;Trp53-/- to-/-;-/-, and p<0.005 

comparing Fancc+/+;Trp53+/- to Fancc-/-;Trp53+/-. 
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Detailed histopathology was performed to determine the types of neoplasms in 

intercrossed mice (Table 2, Figure 18). The spectrum of tumors observed in 

Trp53+/- and Trp53-l-mice was similar to previous studies (Jacks, Remington et al. 

1994), which include osteosarcoma, lymphoma, and soft tissue sarcomas. Though 

there was overlap in the spectrum of tumors observed in mice mutant at both Trp53 

and Fancc compared to mice that are deficient at Trp53 only, several differences were 

observed. Consistent with prior studies, myeloid malignancies were not observed in 

either Trp53+/- or Trp53-/- mice that were wildtype at Fancc (Donehower, Harvey et 

al. 1992; Jacks, Remington et al. 1994). One Fancc-1-; Trp53+/- mouse had a 

myeloid malignancy; a histiocytic sarcoma with extensive myeloid invasion of the 

liver, spleen, and vertebrae (Figure 18, panels a-f). Also, an undifferentiated 

cutaneous sarcoma of the neck (Figure 18, panels g-h) and an ovarian tumor (panel i) 

were observed in Fancc-1-; Trp53+/- mice, but not Fancc+/+; Trp53+!- mice. A 

majority of tumors derived from Fancc-l-;Trp53+/- mice (four of five analyzed) 

exhibited loss of heterozygosity of the normal p53 allele ( data not shown). In 

addition, though the sample size of tumors was low in the Fancc-l-;Trp53-/- group 

(due to the in utero demise of the majority of these animals), Fancc-l-;Trp53-/- mice 

developed a medulloblastoma and an adenocarcinoma (Figure 18, panel j-1), both of 

which have been observed in FA patients (Alter 2003) but not in unmanipulated 

Trp53-!- mice (Donehower, Harvey et al. 1992; Jacks, Remington et al. 1994). 
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Table 1. Location and type of tumors observed in mice from the Fancc;Trp53 

inter cross 

Genotype Type of tumors observed Number of Percent of 
(#animals/ each tumor each tumor 

group) type type 

+/+;+!+ No tumors - -
(20) 

Fancc-/-;+/+ No tumors - -
(20) 

+/+;p53+/- Osteosarcoma 4 36% 
(17) Sarcoma 2 18% 

Lymphoma 3 27% 
Hemangiosarcoma 2 18% 
Total 11 100% 

Fancc-1- Osteosarcoma 4 31% 
;p53+/- Fibrosarcoma (muscle) 1 8% 

(22) Dermal spindle-cell tumor (neck) 1 8% 
Lymphoma 5 38% 
Myeloid malignancy (histiocytic) 1 8% 
Ovarian tumor 1 8% 
Total 13 100% 

+l+;p53-/- Lymphoma (primarily thymic) 11 73% 
(21) Other anaplastic sarcoma 4 27% 

Total 15 100% 

-/-;-!- Adenocarcinoma (prostate) 1 25% 
(7) Lymphoma 1 25% 

Anaplastic sarcoma (cardiac) 1 25% 
Medulloblastoma 1 25% 
Total 4 100% 

Table 1 

Location and type of tumors observed in mice from the Fancc;Trp53 intercross. 

Fifty-seven of the 107 mice shown in Figure 17 died during the course of the study, 

of which 44 were subjected to autopsy. Thirty-eight animals developed a total of 43 
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tumors, which were evaluated in detail by histologic examination. In some tumors, 

immunohistochemical analysis was also used to identify specific cell lineages. 
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Fipre 18 

Histopathology of tumors in Fancc and Trp53 intercrossed mice. a-f, Myeloid 

malignancy (histiocytic sarcoma) in a Fancc-/-;Trp53+/- mouse. In panels a (x200) 

and b (x400), malignant histiocytes are observed in the red pulp of the spleen, 

indicated in a by the arrow. Immunohistochemical characterization shown in c 
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demonstrates that the malignant cells within the spleen are Mac-2 positive. 

Malignant histiocytes are also observed in the liver in d (x200), as indicated by the 

arrow, and e (x400). The malignant cells are shown to be Mac-2 positive, shown inf. 

g-h, (x 100, x200, inset x600) Dermal spindle cell tumor from the neck of a F ancc-/­

;Trp53 +/- mouse, showing high mitotic index and undifferentiated cells with cigar 

shaped nuclei. i, (x400) Ovarian tumor from a Fancc-l-;Trp53+/- mouse showing 

nests of round, tumor cells with rounded, pale nuclei. j-k, (x200, x400) 

Medulloblastoma of the cerebellum from a Fancc-l-;Trp53-/- animal. Characteristic 

neoplastic cells with carrot-shaped nuclei, hyperchromatic coarse chromatin, and 

almost non-visible cytoplasm, with frequent mitotic figures (indicated by arrows) are 

arranged in sheets with pseudo-rosette formations visible. I, (x400) Adenocarcinoma 

of the prostate of a Fancc-/-;Trp53-/- mouse showing malignant cells arranged in 

irregularly shaped glandular structures invading surrounding smooth muscle. 
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DISCUSSION 

It is established that lack of functional Fancc leads to increased genomic instability 

and apoptosis (Cumming, Liu et al. 1996; Kruyt, Dijkmans et al. 1996; Rathbun, 

Faulkner et al. 1997; Haneline, Broxmeyer et al. 1998). The tumor suppressor p53 

has a crucial role in tumor suppression mediated by its function in cell cycle 

checkpoint control and executing apoptosis in response to extracellular signals, DNA 

damage, and oncogenic stress (Lowe, Schmitt et al. 1993; Klefstrom, Arighi et al. 

1997; Zindy, Eischen et al. 1998; Schmitt, Fridman et al. 2002). The current studies 

demonstrate that Fancc has a role in cell cycle checkpoint control, and that it 

cooperates with p53 in this process. Further, lack of functional Fancc leads to 

increased p53 dependent apoptosis. This correlates with increased tumorigenicity in 

mice lacking both Fancc and p53. These data are consistent with a model in which 

mutation of Fancc causes increased cellular stress and genomic instability, possibly 

due in part to altered control of the cell cycle dependent coordination between G2 and 

mitosis. The data reinforces the emerging paradigm that there are numerous distinct, 

yet interacting pathways for maintaining an adequate G2 checkpoint, emphasizing the 

importance of this checkpoint in maintaining genomic integrity. Increased stress 

caused by lack of functional Fancc results in a predisposition to p53-mediated 

apoptosis (Figure 19). The activation of p53 is functional in Fancc deficient cells and 

the increased p53 dependent activity is probably an appropriate cellular response in 

the context of Fancc inactivation, to avoid the propagation of mutated or otherwise 

damaged cells. Upon loss of p53, this response is obviously not functional, and loss 
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of the tumor suppressor function of p53 therefore leads to significantly faster 

tumorigenic progression in mice lacking Fancc. 

Loss of cell cycle control, 
DNA repair 

----,>- Genomic instability -->- p53 
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DNA-repair 

t 
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mutation 
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Schematic depicting the interaction of FA and p53 in cell cycle, apoptosis and 

tumorigenesis. Loss of the Fancc protein results in a primary defect in cell cycle 

control, and possibly DNA repair. This results in genomic instability and/or 

oncogenic stress, which activates p53 dependent apoptosis, sensitizing Fancc-/-, cells 

to increased levels of apoptosis. Genetic or functional inactivation of p53 results in 
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loss of the increased hypersensitivity of Fancc-1- cells to apoptosis, causing these 

mice to be extremely tumor prone. 
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Potential mechanisms of 2enomic instability in FA cells: inte2ration of G2/M 

transition with DNA repair pathways. 

Cell cycle checkpoint control is a vital component of the cellular response to intrinsic 

and exogenous sources of DNA damage. Disruption of the G2 checkpoint can lead to 

genomic instability by altering the fidelity of both DNA repair and mitosis. Even in 

the absence of DNA damage, it is estimated that at least 100 double strand DNA 

breaks occur in a normal cell as a result of one round of DNA replication (Thompson 

and Schild 2002). The coordination of S phase, G2, and mitosis is critical for 

maintaining genomic integrity. G2 is a transitional delay linking S phase and mitosis, 

therefore the integration of these processes would likely involve the overlapping 

function of molecules that sense and repair DNA, as well as signal to the mitotic 

apparatus. Indeed, some G2 and S phase checkpoint proteins are also associated with 

mitotic processes. These include Chk2 in an early mitotic centrosome dependent 

checkpoint (Takada, Kelkar et al. 2003), BRCAl in controlling centrosome number 

and chromosome segregation (Xu, Weaver et al. 1999), and p53, which functions in 

both G2 and mitotic spindle control (Cross, Sanchez et al. 1995). The integration of 

these events ensure that chromosome breaks induced by DNA damage or replication 

are sensed by the checkpoint machinery and properly induce a G2 phase delay. 

Studies have shown that if this checkpoint is not properly maintained, cells can enter 

mitosis with abnormal mitotic structure, leading to mis-segregation, chromatid breaks 

and other types of chromosomal instability (Tutt, Gabriel et al. 1999; Dhar, Squire et 

al. 2000). Hence, the function of Fancc in maintaining the G2 checkpoint is likely to 

be important for maintaining genetic stability. The spectrum of genetic instability 
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observed in FA cells is consistent with chromosomal aberrations characteristic of G2 

cells (Dhar, Squire et al. 2000), namely chromatid breaks and gaps (Latt, Stetten et al. 

1975), and telomere loss (Callen, Samper et al. 2002). Our preliminary studies 

indicate that Fancc-1- cells have increased markers of instability (mitotic bridges and 

micronuclei) after IR, which correlates with their inability to maintain G2 arrest. 

Studies in the laboratory are being initiated to determine whether increased 

chromosomal aberrations typical of G2 checkpoint escape (Dhar, Squire et al. 2000) 

are observed in Fancc-1- cells after IR, and whether these types of aberrations are 

dependent on G2 checkpoint function. 

Besides early entry into mitosis, defects in cell cycle checkpoint dependent signaling 

processes can be associated with altered DNA repair processes, as checkpoint 

function is inextricably associated with DNA repair. Therefore, an inability of 

Fancc-1- cells to maintain the G2 checkpoint could lead directly or indirectly to 

instability due to disruption of a DNA repair process. One important example of this, 

and a potential relationship with the FA proteins, is the association between 

checkpoint function and recombination repair. DNA breaks recruit a protein complex 

that may contain either the ATM kinase or DNA dependent protein kinase (DNA­

PK), which function in homologous recombination repair (HRR) and non­

homologous recombination repair (NHR), respectively. In HRR, the 

Rad50/MRE11/NBS 1 complex together with PCNA are part of this damage 

recognition complex, and are required for the activation of the Chkl checkpoint 

kinase (Grenon, Gilbert et al. 2001). Also the mismatch repair proteins MLHl and 
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MSH2, which reside in a DNA binding complex, are required for efficient Atm 

dependent activation of Chk2 and the G2 checkpoint (Davis, Wilson-Van Patten et al. 

1998; Franchitto, Pichierri et al. 2003). While some of these proteins remain 

associated with DNA, others such as Chk2 are widely dispersed after activation 

(Lukas, Falck et al. 2003), reinforcing the model of signaling from a DNA break. 

This signaling function is also necessary for the repair process, as exemplified by the 

targets of Atm activation, which include the Bloom's syndrome (BLM) helicase 

(Beamish, Kedar et al. 2002), replication protein A (Liu and Weaver 1993), and c-abl, 

which phosphorylates Rad51 (Chen, Yuan et al. 1999). 

The precise role of the FA proteins in both the repair and checkpoint process is a 

critical question that requires further investigation. We (with Samantha Ciccone and 

Suk-Hee Lee in our group) have assessed the repair ofIR induced DNA damage in 

FA cells using a double strand break assay, and found that gross DNA damage is 

efficiently repaired (unpublished result). However, the fidelity of this repair remains 

in question, particularly since FA cells exhibit elevated HRR (Thyagarajan and 

Campbell 1997; Donahue, Lundberg et al. 2003). Interestingly, one recent study 

demonstrated purification of the core FA protein complex (A, C, E, F and G). It was 

found that this complex, specifically FANCG, was physically associated with the 

BLM (Bloom syndrome) helicase, as well as at least 2 other large complexes (Meetei, 

Sechi et al. 2003). While the FA proteins were not necessary for helicase activity in 

vitro, the FA proteins could link the helicase function to other DNA repair processes 

in HRR, or in a signaling mechanism involving a cell cycle checkpoint. 
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Interestingly, BLM cells also exhibit a partial defect in G2/M checkpoint control, 

suggesting a link between this complex and checkpoint control (Ababou, Dumaire et 

al. 2002). 

Evidence that FA proteins are required in a checkpoint pathway for maintaining 

cdc2 inhibition that is distinct from p53 mediated events. 

The function of Fancc in the G2 checkpoint described here is a novel result, yet the 

precise mechanism is not yet fully identified. The data do however provide at least 

two important clues. First, loss of p53 and Fancc results in a more severe phenotype 

than loss of one of these proteins alone, indicating that Fancc cooperates in a distinct 

mechanism with p53 in control of the G2 checkpoint. This suggests that Fancc and 

p53 dependent checkpoint control pathways are at least partially separable. Second, 

our data indicate that Fancc is necessary for maintaining phosphorylation of cdc2 on 

tyrosine 15 after DNA damage treatment. Taken together, the data are consistent 

with a model (Figure 20) in which Fancc has a role in a G2 checkpoint control 

process that involves maintaining tyrosine 15 phosphorylation after IR treatment, and 

not the p53 and p21 dependent functions. Since Chk2 was activated in Fancc-1- cells, 

the FA proteins must act distinctly or subsequent to Chk2 phosphorylation in 

maintaining the G2 checkpoint. Further, Fancc regulates cdc2, cooperating in a 

mechanism parallel to that of p53. Hence, understanding how p53 controls G2 

provides insight into how Fancc and p53 converge to regulated G2. 
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Schematic depicting the role of Fancc in the G2 checkpoint. The data shows that 

Fancc has a role in maintaining the G2 checkpoint, and phosphorylation of tyrosine 

15 of cdc2, thus its inhibitory role, whether direct or indirect, is shown. Fancc also 

functions subsequent to or independent of Chk2. Further experiments are required to 

determine if Fancc functions in a cdc25A dependent manner, or if Fancc functions to 

modulate the activation of other checkpoint kinase substrates. 
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There are several different mechanisms by which p53 functions in G2 checkpoint 

control (Figure 21 ). One study showed that p53 activates the expression and activity 

of the wee 1 kinase, which phosphorylates and activates cdc2 (Leach, Scatena et al. 

1998). In addition, several studies have supported the hypothesis that p53 dependent 

activation of the p21 cipltwan cdk inhibitor is important for G2 checkpoint control 

(Bunz, Dutriaux et al. 1998; Flatt, Tang et al. 2000; Ando, Kawabe et al. 2001). 

Studies have shown that a large component of the cellular cyclin B/cdc2 kinase 

activity is in a complex with p21 cipltwan and PCNA (Zhang, Xiong et al. 1993). 

Experiments in human cells also indicated that PCNA associated with cdc25c (which 

dephosphorylates and activates cdc2, and is phosphorylated and activated by cdc2), 

and this association was disrupted by p21 cipltwaf (Ando, Kawabe et al. 2001), 

suggesting a potential means of G2 checkpoint control. Other studies have indicated 

that p53 and p21 cipltwan dependent G2 checkpoint control is retinoblastoma (Rb) 

dependent (Flatt, Tang et al. 2000). E2F sites in the promoters of cyclin B and cdc2 

were repressed in a p53 dependent fashion by Rb and the related pocket proteins, 

p107 and p130 (Taylor, Schonthal et al. 2001), and downregulation of cyclin Band 

cdc2 that occurred after DNA damage in cells involved functional p53, p21cipllwaft and 

Rb (de Toledo, Azzam et al. 1998; Innocente, Abrahamson et al. 1999; Passalaris, 

Benanti et al. 1999; Flatt, Tang et al. 2000). Studies have also indicated that p53 

controls the subcellular localization of cyclin B and cdc2, since DNA damage induces 

the sequestration of cyclin B and cdc2 in the cytoplasm, and this process does not 

occur effectively in cells lacking p53 (Winters, Ongkeko et al. 1998; Jin, Tong et al. 

2002). Overall, the common target of p53 dependent and p53 independent G2 
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checkpoint control is cdc2, indicating the central role of this molecule as a point of 

convergence for multiple pathways regulating the G2 checkpoint. 
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The multiple functions of p53 in the G2 checkpoint. Activation of p53 results in 

transcriptional upregulation of p21ciptwan. The activity of p21 as a cyclin dependent 

kinase (cdk) inhibitor causes downregulation of cdk2 function, which results in 

accumulation of hypophosphorylated Rb. Hypophosphorylated Rb ( or other pocket 

proteins, p130 and p107) has an increased binding affinity for E2F transcription 

factors, resulting in repression of genes containing E2F promoters, including cyclin B 

and cdc2, which are both required for entry into mitosis. Thus, Rb mediated 

repression of these promoters helps to maintain the G2 checkpoint. The interaction 

between cdc25c and PCNA (which also contains cdc2 and cyclin B) is disrupted by 

p21. P53 activation also excludes cdc2 activity from the nucleus by causing cyclin B 

and cdc2 to be sequestered in the cytoplasm. 
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As shown in the results, I have addressed p53 independent function of G2 checkpoint 

control by focusing on tyrosine phosphorylation of cdc2. I have ruled out the 

possibility that Fancc acts in the p53 dependent control of cdc2 phosphorylation 

(Leach, Scatena et al. 1998) using the genetic strategy which indicated that Fancc 

functions in a mechanism of G2 checkpoint control that is distinct from p53. It is 

well known that de-phosphorylation of tyrosine 15 of cdc2 is required in order for 

cells to proceed into mitosis (Morla, Draetta et al. 1989). The observation that 

tyrosine 15 phosphorylation of cdc2 is not maintained in Fancc-1- cells indicates that 

Fancc influences cdc2 function directly or indirectly. Indirectly, altered cdc2 

phosphorylation could be a consequence of the inability of Fancc-1- cells to maintain 

G2 arrest, as the loss of cdc2 phosphorylation is correlated with cells exiting G2 and 

proceeding into mitosis at a higher rate. Alternatively, there is evidence that Fancc 

has a direct role in regulating cdc2 phosphorylation. Two separate studies indicate 

that the expression of FANCC is cell cycle dependent, and is highest in G2 and 

mitosis (Kupfer, Yamashita et al. 1997; Heinrich, Silvey et al. 2000), suggesting that 

FANCC has an important function in G2 that may require upregulation of FANCC 

levels. Another study has indicated that FANCC physically associates with cdc2 

(Kupfer, Yamashita et al. 1997), suggesting that Fancc could act directly in mediating 

cdc2 activity or phosphorylation. More recent data indicate that the FA protein 

FANCG may have a functional relationship to cdc2 via the function of the checkpoint 

kinase Chk2 (O'Neill, Giarratani et al. 2002; Seo, Kirn et al. 2003). In this study, a 

consensus Chk2 phosphorylation site was identified at serine 426 of FAN CG. A later 

study determined that this site was phosphorylated by Chk2 in vitro (Seo, Kirn et al. 
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2003), a result also observed in our laboratory (data not shown). As mentioned 

previously, Chk:2 phosphorylates and inactivates cdc25A, which results in 

accumulation of inactive, tyrosine phosphorylated cdc2 (Matsuoka, Huang et al. 

1998). Interestingly, murine cells lacking Chk2, though they were able to induce a 

functional G2 checkpoint, were seen to have a defective ability to maintain the G2 

checkpoint in a very similar manner as the current studies indicate for Fancc (Hirao, 

Kong et al. 2000; Hirao, Cheung et al. 2002). Therefore it is possible that the FA 

pathway is necessary for the proper modification of Chk2 substrates. This possibility 

would be consistent with a model in which FA proteins exist in a DNA damage 

associated complex, and participate in the efficient activation of checkpoint and repair 

proteins. An inability to efficiently activate Chk:2 dependent events, such as cdc25, 

BRCAl or possibly other checkpoint proteins, might result in reduced phosphorylated 

cdc2, and a lack of G2 checkpoint maintenance. Further experiments characterizing 

the phosphorylation of FANCG in vivo and its functional relationship to Chk2 and 

cdc2 are underway in the laboratory. Other studies which could link Fancc to 

signaling pathways that regulate cdc2 are described in Future Directions (pg 109). 

Regardless of the molecular partners linking Fancc with cdc2 phosphorylation, the 

current study indicates that Fancc influences cdc2 phosphorylation directly or 

indirectly. 

Interestingly, though tyrosine 15 phosphorylation was not maintained after IR 

treatment, we noted that cdc2 phosphorylation was maintained in Fancc-1- cells after 

treating with the crosslinking agent, cisplatin (Figure 9c ). This data is in accordance 
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with one previous study indicating increased cdc2 phosphorylation in FANCC mutant 

cells after mitomycin c treatment (Kruyt, Dijkmans et al. 1997). The cellular 

response to IR and crosslinking agents is distinct (Zhao and Piwnica-Worms 2001). 

While Chkl and Chk2 are induced to some extent by both crosslinking agents and IR 

(Brown and Baltimore 2003), Chkl (in a largely ATR dependent manner) is much 

more strongly induced by crosslinking agents (Zhao and Piwnica-Worms 2001) and 

replication arrest (Lupardus, Byun et al. 2002) as compared to Chk2. Conversely, 

Chk2 (in a largely ATM dependent manner) is much more responsive to IR (Zhao and 

Piwnica-Worms 2001; Brown and Baltimore 2003). Therefore, ATR and Chkl are 

more strongly induced by DNA damage associated with replication, and this is 

illustrated by the observation that cisplatin induces a much stronger S phase arrest 

than IR (Brown and Baltimore 2003). Also, it is interesting to note that cells lacking 

Chkl and ATR are unable to induce a damage dependent G2 checkpoint, as opposed 

to cells lacking Atm and Chk2, which have a less severe phenotype (Brown and 

Baltimore 2003). Since the current study shows that Fancc-1- cells induce but do not 

maintain G2, and that cdc2 phosphorylation is maintained in cisplatin, the data and 

literature taken together are consistent with a model in which the ATR/Chkl 

dependent G2 checkpoint pathway is functional, but that ATM/Chk2 dependent 

functions may be defective in Fancc-1- cells. Further experiments are required to 

fully characterize which of these two pathways of G2 checkpoint control involve 

Fancc or other FA proteins. Characterizing the potential role of FAN CG in this 

process may provide an explanation to this question. 
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The association of the FA proteins with the breast cancer susceptibility proteins, 

BRCAl and BRCA2, suggests one other potential link of the FA proteins to cell cycle 

control. The FA proteins are functionally linked to ATM (Taniguchi, Garcia-Higuera 

et al. 2002) and BRCAl (Garcia-Higuera, Taniguchi et al. 2001) by the function of 

FANCD2. Also BRCA2 is the gene mutated in FA-D1 cells (Howlett, Taniguchi et 

al. 2002). The function of ATM has already been discussed. The precise functions of 

BRCAl and BRCA2 is not entirely clear, and involve a large number of complex 

interactions (reviewed, (Thompson and Schild 2001)). It is evident that BRCAl and 

BRCA2 have complex and multiple roles in checkpoint function, including the 02 

checkpoint (Chen, Chen et al. 1999; Xu, Weaver et al. 1999; Yarden, Pardo-Reoyo et 

al. 2002), and in HRR (Chen, Silver et al. 1999; Moynahan, Chiu et al. 1999). 

Among other interactions, BRCAl is part of the aforementioned 

NBS1/MRE11/Rad50 complex (Wang, Cortez et al. 2000) and also associates with 

Rad51 (Scully, Chen et al. 1997), while BRCA2 associates with Rad51 and p53 

(Marmorstein, Ouchi et al. 1998). Though it is not completely clear how BR CAI 

(and BRCA2) function in checkpoint control, it is possible that their respective 

functions involve the functional link with the FA proteins. Interestingly, BRCAl is 

also a substrate for A TM (Centurion, Kuo et al. 2000) and Chk2 (Lee, Collins et al. 

2000). Therefore, it will be interesting to determine if the FA proteins are required 

for normal phosphorylation of BRCAl by ATM and Chk2, particularly ifFANCG is 

a true in vivo substrate of Chk2. Cells deficient in human and murine FA proteins 

should provide a model to investigate this possibility. 
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Potential clinical implications of the G2 checkpoint abnormality in FA cells. 

One possible clinical implication of a checkpoint defect in FA cells is the use of 

checkpoint inhibitors such as UCN-01 as anti-tumor agents. The mechanism of 

action of these drugs is the inhibition of checkpoint kinases (Yu, Orlandi et al. 1998; 

Graves, Yu et al. 2000; Yu, La Rose et al. 2002), which causes rapidly dividing cells 

to undergo death in early stages of mitosis. Interestingly, the G2 checkpoint inhibitor 

UCN-01 was previously shown to selectively kill tumor cells with mutations in G2 

checkpoint function, particularly evident in cells l_acking p53 (Wang, Fan et al. 1996; 

Shao, Cao et al. 1997). This result is consistent with the hypothesis that, since cells 

that enter mitosis in the presence of DNA damage are predisposed to cell death, 

abrogation of multiple checkpoint pathways results in increased sensitivity to these 

agents. This is also consistent with the previously discussed model in which multiple 

pathways inhibit mitotic entry. Therefore, cells harboring mutations that result in 

progressive loss of the G2 checkpoint are selectively sensitized to G2 checkpoint 

disruption. The current study therefore provides a potential therapeutic benefit of G2 

checkpoint disruption in cancers with FA mutations. Indeed, this possibility is 

extended to other cancers besides FA patients due to the recent findings that FA genes 

are functionally disrupted in pancreatic tumors (Van Der Heijden, Yeo et al. 2003), 

ovarian cancers (Olopade and Wei 2003; Taniguchi, Tischkowitz et al. 2003), and 

AML (Condie, Powles et al. 2002). This possibility is easily tested using our mouse 

model of Fancc disruption, in vitro using cells lacking Fancc, p53, or both Fancc and 

p53. Also, this model could be tested in vivo by administering the drug to Fancc-1-
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;p53 +!- mice to see if the latency of tumor formation can be lengthened in this 

genotypic group. 

Role of p53 in the apoptosis of Fancc-1- cells 

p53 is a critical sensor of cell stress and modulator of apoptosis to a broad range of 

stimuli. Recent data demonstrated that the apoptotic function of p53 is critical in 

protection from tumorigenesis (Schmitt, Fridman et al. 2002; Hemann, Fridman et al. 

2003). In one study, p53 was inhibited using RNA interference, and transplanted 

recipient mice developed lymphoma (Hemann, Fridman et al. 2003). Interestingly 

there was still enough residual p53 to induce cell cycle arrest, but not to induce 

apoptosis in lymphocytes. Moreover, lymphomas in these mice retained a measure of 

checkpoint activity, suggesting that the apoptotic function of p53 was most important 

in suppressing lymphoma development, while cell cycle function was marginally 

important. Further, in studies using a model of c-myc induced tumorigenesis, 

aggressive lymphomas reminiscent of the p53 null phenotype occurred in mice that 

were overexpressing either bcl-2 or a dominant-negative caspase 9, which are both in 

the p53 mediated apoptotic pathway (Schmitt, Fridman et al. 2002). This observation 

supports the model in which loss of p53 dependent apoptosis is a critical step in 

tumorigenesis. Other studies in our laboratory further advance the important role of 

apoptosis in malignant progression in FA. In one published report from our lab, the 

development of leukemic cells in Fancc-1- mice correlated with a loss of the apoptotic 

phenotype of Fancc-1- cells (Haneline, Li et al. 2003). The precise mechanism of this 

leukemic progression is under investigation, and recent unpublished studies in our lab 
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have shown that there are elevated levels of the survival protein, Bcl-2 in Fancc-1-

mice that develop myeloid leukemia (Xiaxin Li, personal communication). Also 

Fancc cooperates with the Nfl tumor suppressor protein in leukemic progression, and 

these cells appear to acquire a resistance to apoptosis (Xiaxin Li, personal 

communication). Taken together, these studies emphasize both the importance of 

survival in tumor development, and the pro-apoptotic function of the p53 tumor 

suppressor. 

Our genetic evidence indicates that the increased stress induced apoptosis observed in 

Fancc deficient cells is at least in part p53 dependent. Apoptosis in hematopoietic 

progenitors and murine embryo fibroblasts was abrogated in the absence of p53 at all 

doses of the cytotoxic cytokine TNF-a, which does not induce DNA damage. It is 

very interesting to note in other studies that cells overexpressing c-myc underwent 

increased amounts of p53 mediated apoptosis in response to TNF-a, indicating that 

increased endogenous or oncogenic stress sensitizes cells to TNF induced apoptosis 

by a p53 dependent pathway (Klefstrom, Arighi et al. 1997). Therefore Fancc 

inactivation may represent a stress similar to deregulated c-myc in which cells 

become hypersensitive to p53-mediated apoptosis. 

TNF-a and apoptosis in the FA phenotype 

The hypersensitivity of Fancc-1- cells to TNF-a may be a crucial factor in the disease 

phenotype of FA patients, in both the bone marrow failure and neoplastic progression. 

This idea is supported by the current study, as well as by other data from our 
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laboratory and in the published literature. First, TNF-a may be an important 

mediator of tumor avoidance in vivo. TNF-a was identified on the basis of its 

function in causing regression of tumor cells in vitro and in mice (Carswell, Old et al. 

1975). Second, as mentioned in the previous paragraph, cells can become 

hypersensitive to TNF-a in the case of oncogenic stress, therefore the 

hypersensitivity of Fancc-1- cells to TNF-a may be an appropriate cellular response 

to mutation or activation of malignant pathways in vivo in FA patients. Interestingly, 

recent data has also shown that FA patients have increased levels of TNF-a and IFN­

y in the bone marrow (Dufour, Corcione et al. 2003). Obviously, the hypersensitivity 

of FA cells to these agents may directly predispose FA patients to bone marrow 

failure, but the loss of this hypersensitivity may also be critical, particularly for 

neoplastic progression. In two separate studies, the progression of leukemia in FA 

patients (Lensch, Rathbun et al. 1999) and Fancc-1- mice (Haneline, Li et al. 2003) 

correlated with a loss of the apoptotic hypersensitivity. Loss of p53 therefore would 

also have a profound effect upon the hypersensitivity of cells to TNF-a since, as 

pointed out above, TNF-a induced hypersensitivity is highly dependent on p53 in 

numerous models. Therefore, the loss of TNF-a dependent hypersensitivity we 

observed in Fancc-l-;Trp53-/- mice could be an important mediator of the decreased 

latency in malignant progression seen in these mice. 

The mechanism of TNF-a induced hypersensitivity in Fancc-1- cells is an important 

area of investigation. Our current finding that p53 induces apoptosis in Fancc-1- cells 

is an important observation, however the precise mechanism of this is not clear. The 
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hypersensitivity of Fancc-1- cells to TNF-a could hypothetically be do to increased 

density of TNF-a receptors on the cell surface, which could cause increased p53 

activation. This doesn't appear to be the case, as the surface expression of TNF-a 

was normal in FANCC deficient cells (Koh, Hughes et al. 1999). There are a number 

of possibilities to explain the role of p53 in apoptosis in Fancc-1- cells. Several of 

these possibilities are discussed in the following section. 

Potential links between the FA complex and p53 

The observation that p53 mediates the elevated apoptosis of cells lacking Fancc 

indicates that there is a signaling mechanism that activates p53 in the absence of 

normal function of the FA complex. This link is important because it may provide 

insight into mechanisms of oncogenesis in the context of FA and in malignant 

progression on a broader scale. This is especially evident given that dysfunction of 

the FA proteins has now been linked to several malignant processes outside of FA 

(Lensch, Tischkowitz et al. 2003; Olopade and Wei 2003; Taniguchi, Tischkowitz et 

al. 2003; Van Der Heijden, Yeo et al. 2003). There are at least 4 ways that loss of 

Fancc could signal to the p53 network, as supported by the literature and 

experimental observations. These are described in the following paragraphs. Note 

that these pathways are interrelated, and it is possible that multiple, or even all of 

these may interact to connect the FA phenotype to p53 activation. 

First, Fancc may affect the p53 network by negatively regulating PKR. As outlined 

in the introduction, studies have demonstrated that the hypersensitivity of cells 
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lacking FANCC to TNF-a was dependent on PKR function (Pang, Keeble et al. 

2001). Fancc was shown to directly interact with the Hsp70 protein, and this 

interaction inhibits the function of PKR in executing apoptosis (Pang, Keeble et al. 

2001; Pang, Christianson et al. 2002). Therefore, given that p53 is activated by PKR 

(Cuddihy, Li et al. 1999; Cuddihy, Wong et al. 1999), these studies raise the 

possibility that Fancc could function in a complex that is closely associated with 

regulating p53 function. This possibility could be tested in a relatively simple 

experiment. PKR was shown to activate p53 by phosphorylating it at serine 392 

(Cuddihy, Wong et al. 1999). Therefore, introduction of wild-type p53 should restore 

the hypersensitivity of Fancc-/-;Trp53-!- cells to apoptosis, but, if the p53 dependent 

hypersensitivity of Fancc-1- cells to apoptosis is PKR mediated, the serine 392 mutant 

(that cannot be PKR phosphorylated) should not restore the hypersensitivity. 

A second possible link between Fancc and p53 in apoptosis has already been 

mentioned, and that is oncogenic stress. Oncogenic stress occurs upon deregulation 

of oncogenes such as c-myc (Zindy, Eischen et al. 1998) and ras (Parada, Land et al. 

1984 ), and is also activated by mutations of tumor suppressors such as Rb (Bates, 

Phillips et al. 1998). The activation of p53 by oncogenic stress was shown to involve 

the p19ARF protein (Zhang, Xiong et al. 1998). P19ARF stabilizes p53 by 

interfering with the binding of mdm2 to p53 (Kamijo, Weber et al. 1998; Zhang, 

Xiong et al. 1998). This pathway has been shown to be activated by increased c-myc 

(Zindy, Eischen et al. 1998), functional inactivation of the Rb pathway (Bates, 

Phillips et al. 1998), and by overexpression of E2F transcription factors (Qin, 
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Livingston et al. 1994; Bates, Phillips et al. 1998). Interestingly, this pathway also 

appears to be linked to DNA repair by c-abl (Shafman, Khanna et al. 1997; Yuan, 

Huang et al. 1998; Gong, Costanzo et al. 1999; Yuan, Shioya et al. 1999). There is 

some experimental support from our studies that this mechanism is altered in Fancc-1-

cells. First, we have found that Fancc-1- cells enter cycle at an accelerated rate, and 

have increased Rb phosphorylation (Li, Plett et al. 2003). This was associated with 

increased levels of free E2F, consistent with activation of this pathway. More 

preliminary studies indicated that in Fancc-1- cells, there was decreased interaction of 

the pocket proteins (Rb related) p107 and p130 with E2F; predicting increased free 

E2F, which may induce apoptosis by activating p53 (via p19ARF) or p73 (Qin, 

Livingston et al. 1994; Irwin, Marin et al. 2000). Second, consistent with p19ARF 

activation, we observed increased stability of p53 in passage 4 MEFs (Figure 13) and 

modestly increased levels of p53 (Figure 12). Preliminary data also indicated 

increased protein levels of p19ARF at baseline levels in MEFs. It is also important to 

note that PKR also functionally interacts with E2F (Vorburger, Pataer et al. 2002), 

indicating a potential link between this pathway and the PKR pathway described 

above. Taken together, these findings suggest that loss of Fancc may resemble an 

oncogenic stimulus, and activate pathways that respond that respond to oncogenic 

stress (such as p19ARF). Further studies are necessary to elucidate the potential 

activation of this important pathway in Fancc-1- cells. 

A third interaction between Fancc and p53 could be based on genomic instability 

inherent in Fancc-1- cells. Abnormalities in FA function(s) could lead to basal and 
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genotoxic-induced chromosome instability; activating p53 to limit cell growth, or 

prevent the propagation of cells that could become malignant. Therefore, one could 

speculate that the increased p53 protein levels observed in Fancc deficient cells in the 

current report following genotoxic or nongenotoxic stress could be a result of intrinsic 

genomic instability present in these cells which is detected by the signaling network 

that activates p53. This could have the effect of rendering cells sensitive to apoptotic 

stimuli. An important priority in future studies will be to examine the role of p53 in 

suppressing genetic mutations in Fancc deficient mice using a marker of genetic 

instability such as hprt, which when mutated results in resistance to drugs such as 6-

thioguanine (6-TG) (Fenwick and Caskey 1975). Mutation frequency is assessed by 

quantitating the colony formation of T cells in the presence of 6-TG in irradiated 

mice. It would be predicted that the mutation frequency of Fancc+/+ and Fancc-1-

mice might not differ greatly since Fancc-1- cells that may accumulate large deletions 

after DNA damage would probably undergo apoptosis. However if p53 is executing 

the apoptosis of genomically instable Fancc-1- cells, then Fancc-l-;Trp53-!- cells, 

having increased survival due to p53 loss, should show a higher 6-TG resistance than 

Fancc+/+;Trp53-/- cells. 

Lastly, an interaction between Fancc and p53 is suggested by studies linking the 

function of the FA protein members with the BRCAl dependent ubiquitination of 

FANCD2, and the identification of BRCA2 mutations in the FA-DI complementation 

group. These studies were discussed earlier (page 11). Interestingly, BRCAl was 

reported to physically interact with p53 (Zhang, Somasundaram et al. 1998; Chai, Cui 
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et al. 1999). Further, mammary cells from Brea] knockout mice undergo increased 

apoptosis that is alleviated in the absence of Trp53 and acquire mammary cell 

malignancies upon loss of p53 function (Xu, Wagner et al. 1999). Interestingly, like 

Fance-1- mice, basal p53 protein was increased in Brea] conditional mutant mice, 

compared to wildtype mice (Xu, Qiao et al. 2001). In contrast, while Fanee-1- cells 

have increased p53 activity following DNA damage, Brea]-/- cells have reduced 

levels of induced p53 protein compared to wildtype controls (Xu, Qiao et al. 2001). 

Therefore, though FA proteins functionally interact with BRCAl (Garcia-Higuera, 

Taniguchi et al. 2001), based on the current and previously published (Xu, Qiao et al. 

2001) murine models, the specific cooperation that p53 has with Fanee and Brea], 

respectively is distinct. Studies have also demonstrated cooperation between Brca2 

and p53. In one study, the activity and function of p53 in Brca2 deficient cells was 

moderately elevated (Connor, Bertwistle et al. 1997). Interestingly, the 

developmentally lethal phenotype of Brca2 deficient mice was partially rescued by 

loss of Trp53, and conditional Brea2 mutant mice also cooperated with Trp53 in 

tumorigenesis (Brugarolas and Jacks 1997; Gretarsdottir, Thorlacius et al. 1998; 

Jonkers, Meuwissen et al. 2001; Cheung, Hande et al. 2002). Hence, similar to 

Fancc-1- mice, functional defects caused by Brca2 deficiency are p53 dependent. The 

precise biochemical relationship between p53 and Brca2 may be due to an interaction 

of these proteins with the homologous recombination machinery, as a physical 

association between Brca2 and p53 has been demonstrated in a complex that 

functions in homologous recombination and contains Rad5 l (Marmorstein, Ouchi et 

al. 1998). These studies therefore raise the interesting possibility that Fancc also may 
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interact with p53 in a similar fashion, in both cell cycle control and apoptosis. 

Further studies regarding this possibility are addressed in Future Directions. 

Possible function of p73 and c-abl in p53 independent apoptosis of Fancc-1- cells 

Disruption of Trp53 in Fancc-1- cells reduced apoptosis to that of Fancc+/+ cells 

only at low but not high doses of mitomycin c, indicating that apoptosis induced by 

crosslinking agents in Fancc mutant cells was only partially p53 dependent. DNA 

crosslinking agents including mitomycin c, induce breaks and lesions that signal the 

activation of p53 (Tishler, Calderwood et al. 1993), and induce apoptosis largely by 

p53 dependent mechanisms (Xu, Meikrantz et al. 1995). However, in our studies 

there was a significant p53-independent mechanism of apoptosis mediating the 

hypersensitivity of Fancc-1- cells to mitomycin c, as was also observed previously in 

other Fancc deficient cells (Kruyt, Dijkmans et al. 1996). Another important 

mediator of apoptosis is the p53 related protein, p73. p73 is able to activate the 

transcription of p53 dependent promoters (Jost, Marin et al. 1997). Studies have 

shown that p73 functions independently of p53 in mediating apoptosis induced by 

crosslinking and other pro-apoptotic agents (Gong, Costanzo et al. 1999; Irwin, Marin 

et al. 2000), and appears to be an important determinant in the sensitivity of p53 

deficient cells to chemotherapeutic agents (Bergamaschi, Gasco et al. 2003; Irwin, 

Kondo et al. 2003). Therefore functional p73 may able to induce apoptosis in the 

absence of p53 in Fancc-l-;Trp53-I- cells as the dose of mitomycin c is increased. It 

is very interesting to note that p73 is one of the effectors that functions in signaling 

via oncogenic stimuli as described above, in transcriptionally activating apoptosis 
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(Irwin, Marin et al. 2000). Importantly, the activation of p73 is linked to DNA 

damage by the c-abl protein (Yuan, Shioya et al. 1999). C-abl phosphorylates p73 on 

tyrosine 99 (Yuan, Shioya et al. 1999), and activates p73 in a manner dependent on 

the mismatch repair pathway (Gong, Costanzo et al. 1999). Therefore, it would be 

very interesting to test whether c-abl activation is increased in Fancc-1- cells, and 

determine whether apoptosis is c-abl or p73 dependent. This could be easily assessed 

using the Fancc mouse model in conjunction with c-abl or p73 deficient mice, or 

RNA inhibition to knockdown expression of these two proteins. 

Significance of the Fancc and p53 interaction in malignant progression in FA 

The present study in mice has identified p53 as an important cofactor with Fancc in 

suppressing tumorigenesis. While Fancc-1- mice with intact Trp53 do not develop 

tumors, genetic loss of both Fancc and Trp53 results in a markedly shortened latency 

of tumorigenesis in a Trp53 gene dose-dependent fashion. These findings establish 

that p53 is an important modulator of apoptosis in Fancc deficient mice in vitro and is 

consistent with the observations that mice mutant at both loci acquire tumors at an 

accelerated rate in vivo. Further, the spectrum of tumors observed in the intercrossed 

mice overlaps with that observed in patients with Fanconi anemia. The data are 

consistent with the hypothesis that loss of p53 or effectors of p53 has an important 

role in malignant progression in human FA tumors; particularly considering that 

patients with FA are highly predisposed to head and neck cancers and epithelial 

malignancies (Kutler, Auerbach et al. 2003). Others have shown that inactivation of 

p53 occurs in the majority of these types of malignancies, usually by mutation 
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(Somers, Merrick et al. 1992) or inactivation due to papilloma virus infection(Mao, 

Schwartz et al. 1996). Data from the current study support the rationale for a 

thorough evaluation of the p53 pathway in malignancies in FA patients. Interestingly 

it was found that FA squamous cell carcinomas, though having a low incidence of 

p53 mutation, had a very high incidence of HPV mediated inactivation of p53 when 

compared with tumors from the general population (personal communication, 

Bhuvanesh Singh, M.D., Memorial Sloan Kettering NY, NY). This study also 

showed that FA patients with these tumors had an abnormally high incidence of the 

p53 codon 72 polymorphism- cells containing this polymorphism were shown in 

other studies to be particularly susceptible to tumor progression in HPV positive 

carcinomas (Storey, Thomas et al. 1998). Whether the codon 72 polymorphism of 

p53 has a role in the pathogenesis of FA patients remains an interesting question. 

Finally, these mice provide a model to address fundamental aspects of FA and to test 

molecular therapeutic strategies. 

Summary and conclusion 

In summary, this study makes an important contribution to the understanding of the 

pathogenesis of FA, indicating the involvement of a cell cycle defect, and potentially 

a role for p53 in bone marrow failure and tumorigenesis. One important 

consideration is that patients with FA are often treated with ionizing radiation as part 

of a conditioning regiment prior to transplantation. Though the patient population is 

presently too limited for concrete evaluation, studies have suggested that FA patients 

are prone to secondary malignancies as a result of this treatment (Deeg, Socie et al. 
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1996; Socie, Scieux et al. 1998). Therefore, our study has immediate clinical 

implications in that an IR dependent G2 checkpoint defect may be an important 

mechanism of genetic instability in these secondary malignancies. The Fancc mouse 

model provides a valuable tool to assess this possibility. In addition, the current study 

demonstrates that Fancc has a role in a cell cycle checkpoint pathway, and implicates 

p53 as an important mediator of the apoptotic process in cells lacking Fancc. While 

further studies are required to determine whether there is a direct or indirect 

interaction between these two proteins, the evidence from this study and other studies 

suggest that the FA proteins function in a signaling pathway that is closely associated 

with DNA repair and cell cycle checkpoint control. As I have pointed out, there are 

several points of interactions between DNA repair, cell cycle and apoptosis, and these 

are potential pathways in which p53 and Fancc might interact. Therefore, future 

studies evaluating the mechanism of interaction between Fancc and p53 may provide 

a unique opportunity to better understand checkpoint control and apoptosis. 
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FUTURE DIRECTIONS 

While this study provides important insight into the functions of Fancc and the FA 

proteins, further studies would extend the current observations to provide a clearer 

understanding of the roles of the FA proteins in checkpoint control, apoptosis and 

malignancy. Here, I will briefly summarize experimental models that can be used to 

further investigate the role of the FA proteins in checkpoint control and apoptosis. 

Some of these have already been described in the discussion, as referenced. 

There are at least three major questions that are raised regarding the novel 

observation that the FA proteins have a role in G2 checkpoint control. First how does 

the cell cycle defect manifested in these cells relate to the genomic instability 

observed in these cells (discussion, page 84). Second, how can these data be applied 

to potential therapies for FA patients and for malignancies caused by alterations of 

FA proteins in somatic tissues (discussion, page 96). Finally, what is the mechanism 

by which Fancc functions in checkpoint control? The first two questions were 

addressed in the discussion. The third question requires an experimental model to 

investigate how the FA proteins influence the DNA damage induced signaling 

process. The FA proteins form a complex in response to DNA damage (de Winter, 

van der Weel et al. 2000), and this complex is associated with other components of 

the DNA damage response (Garcia-Higuera, Taniguchi et al. 2001; Taniguchi, 

Garcia-Higuera et al. 2002). Therefore disruption of the FA complex could result in 

abnormalities in other complexes, particularly those associated with amplifying a 

signal that is required for checkpoint response. Hence, while the G2 checkpoint still 
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functions in cells lacking the FA complex, the checkpoint does not function with 

optimal efficiency, as we observed. One approach to test the function of DNA 

damage-dependent signaling processes is to measure the formation of these DNA 

damage signaling complexes in cells lacking functional FA proteins. This can be 

done by immunofluorescence to test complex formation at the sites of DNA damage 

(Lukas, Falck et al. 2003), while also measuring the localization and activation of 

checkpoint proteins. 

Our studies also established that p53 is an important component of the increased 

apoptosis in cells lacking Fancc. The data support a model in which loss of Fancc 

results in a predisposition to p53 mediated apoptosis, yet further studies are required 

to precisely determine how this occurs. Two basic hypotheses can be formulated. 

First, the increased p53 dependent apoptosis could be a consequence of increased p53 

activation due to increased genomic instability in these cells. A second, potentially 

alternative hypothesis is that the Fancc proteins could have a more direct role in the 

negative regulation of p53. To test the first hypothesis, one could measure genomic 

instability in cells that do not express functional p53. If the first hypothesis were true, 

removal of p53-dependent apoptosis in cells also lacking functional Fancc should 

result in measurably increased instability. This can be tested experimentally by 

measuring a marker of genomic instability in these cells. A model for this approach 

was already described in the discussion (page 104) using hprt mutation frequency as a 

marker. 

110 



In accordance with the second hypothesis, Fancc proteins could also negatively 

regulate p53 by regulating the activation of proteins that activate p53. One target of 

this regulation could be PKR, since it phosphorylates p53 (Cuddihy, Wong et al. 

1999) and is regulated by Fancc (Pang, Keeble et al. 2001; Pang, Christianson et al. 

2002). An experiment to test this was described in the discussion (page 102). 

Additionally, the Brcal and Brca2 proteins, which functionally interact with the FA 

complex have also been shown to be physically associated with p53 (Marmorstein, 

Ouchi et al. 1998; Zhang, Somasundaram et al. 1998; Chai, Cui et al. 1999). Cells 

lacking Brcal and Brca2 exhibit increased p53 dependent apoptosis (Jonkers, 

Meuwissen et al. 2001; Xu, Qiao et al. 2001) similar to what we observed for Fancc. 

Therefore, Fancc could regulate p53 function in a Brcal or Brca2 dependent pathway. 

To test this, one could determine whether the physical interactions between 

Brca2:p53, and Brcal :p53 are disrupted in cells lacking functional Fancc. This can 

be done using co-immunoprecipitation and immunofluorescent strategies to detect 

these interactions. 

Finally, while we observed an interaction between Fancc and p53 in tumorigenesis, 

we did not see a high frequency of leukemia in mice lacking Fancc and p53, as 

observed in FA patients. One plausible explanation is that the rapid onset of solid 

tumors in the genetic absence of p53 precludes the analysis of leukemias, which may 

take much longer to develop. Therefore, it will be important to test whether 

hematopoietic cells from Fancc-l-;p53-/- mice develop leukemia using a 

hematopoietic reconstitution transplant model. Animals reconstituted with bone 
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marrow or fetal liver cells derived from Fancc-!-;p53-/- mice can only be susceptible 

to hematopoietic neoplasms of this genotype. Therefore, animals transplanted with 

cells from Fancc-!-;p53-/- mice could be monitored for spontaneous acquisition of 

leukemia, in comparison with mice transplanted with control cells from the other 

genotypes. 
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