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INTRODUCTION 

Anoikis, defined as apoptosis that is inhibited by extracellular matrix', plays a major role 
in mammary gland development and in safeguarding against breast cancer metastasis. • 
While most studies on anoikis have focused on the role of integrin signaling through the 
actin cytoskeleton', the potential role of the microtubule component has been overlooked 
- despite the fact that microtubules are the targets of major breast cancer drugs such as 
taxol. The original goals of this project were to determine the role of microtubules in 
anoikis, using two approaches: i. by determining the effect of cell adhesion upon 
microtubules and ii. by determining the effect of microtubule alterations on integrin 
signaling pathways. However, in the course of this study, we fortuitously discovered a 
novel and unexpected property of mammary epitheUal cells that is likely to shed major 
new insight into the microtubule-apoptosis connection (see below). 

BODY 

In the course of investigating the role of FAS-Associated Death Domain protein (FADD) 
in anoikis, we discovered that it is primarily a nuclear protein. It interacts with a DNA 
repair enzyme and may mechanistically translate DNA damage signals into apoptosis 
signaling through FADD-caspase-8 complexes (see reportable outcome #1 below). We 
therefore investigated caspase-8, the direct effector protein for FADD. Indeed, some 
caspase-8 was nuclear as well (data not shown), but most of the caspase-8 of mammary 
epithelial cells (MCFlOa) was in centrosomes (figure 1). 

•bPerlcenlrin      otCaipasfrS       Maroe^lMPI 

Figure 1. MCFlOa cells were fixed with cold methanol and stained with anti-pericentrin 
pAb (Covance) plus anti-caspase-8 mAb antibody (Pharmingen) followed by detection 
with anti-rabbit-Alexa 488 and anti-mouse-Alexa-594. 

Centrosomes are known to become unstable in human tumor cells\ including breast 
cancer *■ where they become supernumerary (i.e., more than 2 in mitotic cells). This is 
thought to contribute to both chromosomal instability and the loss of epithelial cell 
polarity in mmor cells^"*. It was therefore of great interest to determine whether caspase- 
8 - which is known to be involved in apoptosis control including anoikis^ - might also be 
linked to centrosome function. 

To test this, we expressed the specific caspase-8 inhibitor crmA in MCFlOa and MDCK 
cells and monitored centrosomes. Indeed, crmA caused the rapid appearance of multiple 
centriolar structures (figure 2,3). This occurred even in transiently transfected cells 
(figure 2) ruUng out the possibility that inhibition of caspase-8 relieved a selection 
against aberrant cells. Also, FADD-knockout cells and bcl-2-overexpressing MDCK 
cells - both of which were highly apoptosis-resistant - did not show an elevated rate of 
abnormal centrosomes, further arguing that relief of apoptosis was not the major 
mechanism for the crmA effect. 
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vtctor 

cnnA 

Figure 2. Inhibition of caspase-8 using crmA induces centrosome hypertrophy. MCFlOa 
cells were transiently ti-ansfected with EYFP-centiin (a centriolar protein) together with a 
crmA expression plasmid or an empty vector. Cells were fixed 36 hours post-transfection 
and photographed. Two representative cells are shown for each sample; similar 
centrosome anomalies were detected in about 50% of the cells with crmA and were 
undetectable in the vector-transfected cells. 

MKXcnA MDKOK. HnaM 

Figure 3. Inhibition of caspase-8 using crmA induces centrosome hypertrophy, aberrant 
mitoses and polyploidy in MDCK cells. Stable crmA -expressing MDCK cells were 
stained for pericentiin (yellow), P-tubulin (green) and chromatin (blue); representative 
cells are shown. Frequencies of cells with supernumerary centrosomes (middle) and 
polyploidy (right; as determined by flow cytometry of propidium iodide-stained cells) 
are shown. 

To demonstrate more definitively that caspase-8 was involved in centrosome function, we 
compared caspase-8-null mouse embryo fibroblasts (MEFs) vs. control MEFs. The 
caspase-8 knockout cells clearly had a higher frequency of aberrant centrosomes and, 
consequently, aberrant mitotic spindles (figure 3). 

O^(-l') C^Jt-H 
CafrT^ Ca$-8^ 

Figure 3. Caspase-8-null and caspase-8-wild-type MEFs (from David Wallach, 
Weizmann Institute) were stained with anti-pericentrin (red-yellow), anti-P-tubulin 
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(green) and DAPI. The frequency of aberrant mitotic spindles was calculated and shown 
in the graph. 

To determine whether the capase-8 catalytic activity might be required for normal 
centrosome function, we inhibited all cellular caspase activity for 24 hours in EYFP- 
centrin-transfected cells. Indeed, treated cells showed an elevated number of centrioles, 
suggesting that caspase activity (presumably caspase-8) is required for some aspect of 
centriole duplication/maturation (figure 4). 

DMSO 

zVAD(0-m*)-FM( 

Figure 4. MCFlOa cells (asynchronously growing) that had been transfected with EYFP- 
centrin were treated witti 25 ^M z-VAD(0-me)-FMK or the same volume of DMSO for 
24 hours prior to photography. Representative cells are shown. 

As mentioned above, centrosomes (the microtubule organizing centers of the cell) are 
critical for epithelial polarity and chromosomal stability, two phenotypic features which 
are dysregulated in breast cancer cells. These data suggest that caspase-8 may be 
involved in normal centrosomal regulation, and motivate a search for caspase-8 
deficiency in breast cancer cells, as has been demonstrated in certain other tumor types*. 
More generally, these data suggest that inhibition of caspase pathways may directly cause 
centrosomal instability and its harmful consequences for tumor progression. 

KEY RESEARCH ACCOMPLISHMENTS 

~ The microtubule organizing center of the cell, the centrosome, is the site of caspase-8 
localization in mammary epithelial cells. 
-Inhibition of caspase-8 expression or catalytic activity disrupts the centrosome cycle. 

REPORTABLE OUTCOMES 

Screaton RA, Kiessling S, Sansom OJ, Millar CB, Maddison K, Bird A, Clarke AR, and 
Frisch SM. Fas-associated death domain protein interacts with methyl-CpG binding 
domain protein 4: a potential link between genome surveillance and apoptosis. Proc. 
Natl Acad. Sci. 100:5211-5216,2003. 

Finlay, D., Linke, S., Shah, V. and Frisch, S.M. Caspase-8 is essential for the centrosome 
cycle, (manuscript in preparation). 
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CONCLUSIONS 

~Caspase-8 has a novel function in centrosome duplication/maturation; 

-Tumor cells that lack caspase-8 that fail to activate it properly - due to inhibitory 
proteins or absence of activating proteins - are prone to centrosomal instability and its 
consequences: chromosomal instability and loss of epithelial polarity, which contribute 
to tumor progression. 
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Fas-associated death domain protein interacts with 
methyl-CpG binding domain protein 4: A potential 
link between genome surveillance and apoptosis 
Robert A. Screaton*, Stephan Kiessling*, Owen J. Sansom^ Catherine B. Millar*. Kathryn Maddison^ Adrian Bird*, 
Alan R. Clarke*, and Steven M. Frisch*§ 

*The Burnham Institute, 10901 North Torrey Pines Road, La Jolla, CA 92037; ^Cardiff School of Biosciences, Cardiff University, P.O. Box 911, Cardiff CF10 3US, 
United Kingdom; and •Wellcome Trust Centre for Cell Biology, The King's Buildings, Edinburgh University, Edinburgh EH9 3JR, United Kingdom 

Communicated by Erkki Ruoslahti, The Burnham Institute, La Jolla, CA, February 28, 2003 (received for review January 22, 2003) 

Fas-associated death domain protein (FADD) is an adaptor protein 
bridging death receptors with initiator caspases. Thus, its function 
and localization are assumed to be cytoplasmic, although the 
localization of endogenous FADD has not been reported. Surpris- 
ingly, the data presented here demonstrate that FADD is mainly 
nuclear in several adherent cell lines. Its accumulation In the 
nucleus and export to the cytoplasm required the phosphorylation 
site Ser-194, which was also required for Its interaction with the 
nucleocytoplasmic shuttling protein exportin-5. Within the nu- 
cleus, FADD interacted with the methyl-CpG binding domain pro- 
tein 4 (MBD4), which excises thymine from GT mismatches In 
methylated regions of chromatln. The MBD4-mteractlng mismatch 
repair factor MLH1 was also found In a complex with FADD. The 
FADD-MBD4 interaction involved the death effector domain of 
FADD and a region of MBD4 adjacent to the glycosylase domain. 
The FADD-blndIng region of IVIBD4 was downstream of a frame- 
shift mutation that occurs In a significant fraction of human 
colorectal carcinomas. Consistent with the Idea that MBD4 can 
signal to an apoptotic effector, MBD4 regulated DNA damage-. Fas 
ligand-, and cell detachment-induced apoptosis. The nuclear local- 
ization of FADD and its Interaction with a genome surveillance/ 
DNA repair protein that can regulate apoptosis suggests a novel 
function of FADD distinct from direct participation in death recep- 
tor signaling complexes. 

DNA damage-induced apoptosis signals originate in the 
nucleus. For example, double-strand DNA breaks activate 

the ATM/ATR (1) and c-abl-related kinases (2), leading to 
activation of the p53-family proteins (3, 4) and subsequent 
apoptosis. Other forms of DNA damage that are repaired by the 
mismatch repair (MMR) complex (reviewed in refs. 5 and 6) can 
promote apoptosis through the MMR component MLHl. Thus, 
MLHl defects in tumor cells cause apoptosis resistance with 
regard to several DNA-damaging drugs (7-11). In fact, all five 
major types of DNA repair complexes are thought to signal to the 
apoptotic machinery (reviewed in ref. 12), although the mech- 
anism of signaling is largely unknown. 

Interestingly, several apoptosis-regulatory proteins are in the 
nucleus constitutively or conditionally. These include PEA-15 
(13), DEDD 1-3 (14-16), DEDAF (17), p84N5 (18), caspases-2 
(19) and -6 (20), Daxx (21), and (under conditions where nuclear 
export is inhibited) TRADD (22). Possible roles for these 
proteins in nuclear apoptotic signaling remain to be determined. 

Recently, we have identified an additional link between a 
DNA repair protein and apoptosis (O.J.S. and A.R.C., unpub- 
lished data), namely the protein methyl-CpG binding domain 
protein 4 [MBD4 (23), also known as MEDl (24)]: MBD4 
promoted the apoptotic response to DNA-damaging agents. The 
N-terminal conserved MBD of this protein targets it to bind 
methylated regions of DNA, whereas the C terminus is a 
uracil/thymine-AT-glycosylase. The latter excises spontaneously 
deaminated cytosine (i.e., uracil) or methylcytosine (i.e., thy- 
mine) from G-T/U mismatches (25-27), the major individual 

source of point mutations in the human genome (28). MBD4 
interacts with the mismatch repair/tumor suppressor protein 
MLHl (24); both are mutator genes (29,30). The inactivation of 
either gene causes increased apoptosis resistance with regard to 
DNA-damaging agents (refs. 7-11; O.J.S. and A.R.C., unpub- 
lished data), implying possible apoptotic signaling functions for 
both proteins. As with MLHl (reviewed in ref. 30), MBD4 and 
also frequently mutated in certain human tumors (6,31-34). The 
mechanistic link between MBD4, MLHl, and apoptosis will be 
important to elucidate. 

Fas-associated death domain protein (FADD) is known 
mainly for its death receptor adaptor function at the cell surface 
(35-37). Thus, it is widely assumed that FADD is primarily or 
solely a cytoplasmic protein. However, there are no published 
data clearly supporting this assumption (see Discussion). Indeed, 
FADD has been implicated in potentially death receptor- 
independent apoptotic responses such as DNA damage and 
anoikis (38-42) that would not necessarily require FADD to be 
cytoplasmic. Moreover, cell-matrix adhesion can protect against 
Fas ligand (FasL)-induced apoptosis (R.A.S. and S.M.F., un- 
published observations; refs. 43 and 44), suggesting that certain 
Fas-interacting proteins might be subject to relocalization by 
extracellular signals. We therefore examined the subcellular 
localization of FADD in the hope of revealing additional func- 
tions of the protein. Here, we report that FADD primarily 
localized to the nucleus, implying that the nuclear-cytoplasmic 
transport of FADD must be actively regulated and that FADD 
may have a novel nuclear function. We report that exportin-5 is 
a candidate nucleocytoplasmic transport protein for FADD and 
that a genome surveillance protein, MBD4, interacts directly 
with FADD and modulates apoptosis, suggesting a novel link 
between genome surveillance and apoptosis. 

Materials and Methods 
Cell Lines, Cell Culture, and Transfections. The normal human 
mammary epithelial cell line MCFlOa was used for most exper- 
iments in this article. MBD4-/— mouse embryo fibroblasts 
(MEFs) have been described (29). Cells were transfected by 
using lipofection or infected with retroviruses based on MSCV- 
ires-zeo (45), and expression of transgenes was checked by 
Western blotting. 

Apoptosis Assays (Cell Culture Experiments). Cells were maintained 
in low-attachment wells for the indicated times (for anoikis); 
some cell samples were exposed to recombinant FasL in the 
presence of enhancer antibody (for FasL). Cell lysates were 

Abbreviations: MBD4, methyl-CpG binding domain protein 4; FADD, Fas-associated death 
domain protein; FasL, Fas ligand; YFP, yellow fluorescent protein; HA, hemagglutlnin; NLS, 
nuclear localization signal; MEF, mouse embryo fibroblast; DED, death effector domain. 

STO whom correspondence should be addressed. E-mail: sfrisch@burnham.org. 
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prepared and assayed fluorimetrically for Ac-DEVD-AFC 
cleavage activity. 

Apoptosis Assays [in Vivo Experiments). MBD4+/+ or MBD4-/- 
mice were injected with the Fas-agonistic antibody Jo-2. Histo- 
logical sections of the indicated tissues were stained with hema- 
toxylin/eosin and analyzed for apoptosis as described (46). 

Antibodies. Most antibodies were obtained from commercial 
sources; additional FADD polyclonal antibodies were prepared 
against bacterially produced GST-FADD protein, and a sheep 
anti-MBD4 was prepared against the C-terminal 180 aa of 
recombinant MBD4 protein. A detailed characterization of 
antibodies is presented in Fig. 5, which is published as supporting 
information on the PNAS web site, www.pnas.org. 

Nuclear-Cytoplasmic Fractionation. Nuclear-cytoplasmic fraction- 
ation was accomplished by homogenization of cells in hypotonic 
buffer followed by low-speed (800 X g) centrifugation. 

Indirect Immunofluorescence. Indirect immunofluorescence was 
performed on formaldehyde-fixed, Triton X-lOO-permeabilized 
cells by using fiuorescently tagged secondary antibodies. 

Sliort-lnterfering RiyiA. Short-interfering RNA was introduced by 
using lipofection of commercially synthesized RNA duplexes. 

FADD Export Assay. WT or mutant forms of FADD were ex- 
pressed with N-terminal yellow fluorescent protein (YFP) tags 
and C-terminal nuclear localization signals (NLSs) derived from 
simian virus 40 virus. After transfection, cells were detached for 
15 min before formaldehyde fixation and cells were scored 
for nuclear vs. cytoplasmic localization on a fluorescence 
microscope. 

Cell Surface Fas Coimmunoprecipitation/Western Blotting. Cell sur- 
face Fas coimmunoprecipitation/Western blotting was per- 
formed by incubating cell cultures with the Fas-agonistic anti- 
body 2R2 (Roche Molecular Biochemicals) followed by cell lysis 
in Triton X-100-containing buffer, precipitation with protein 
A-Sepharose, and Western blot analysis. 

Yeast Two-Hybrid Screening, Protein Interactions in Vitro, Western 
Blotting, and Immunoprecipitatlon. Yeast two-hybrid screening, 
protein interactions in vitro. Western blotting, and immunopre- 
cipitatlon were performed by using standard methodology as 
described in Supporting Methods, which is published as support- 
ing information on the PNAS web site. 

See Supporting Methods for detailed materials and methods. 

Results 
FADD Localizes to the Nucleus in Several Cell Lines. In the course of 
examining the basis for protection against FasL-induced apo- 
ptosis by cell adhesion (R.A.S. and S.M.F., unpublished work), 
we observed that FADD was predominantly nuclear by using a 
mAb (Fig. 1). Nuclear FADD staining was blocked by preincu- 
bation of the antibody with recombinant antigen. We then 
generated two monospecific anti-human FADD polyclonal an- 
tibodies, which confirmed that FADD was primarily nuclear 
(Fig. 1). FADD was also primarily nuclear in several cell lines 
(HT1080 fibrosarcoma, Caco-2 colorectal carcinoma, HaCat 
keratinocytes, human umbilical vein endothelial cells) represen- 
tative of diverse attached cell types (data not shown); lympho- 
cytes were not examined in this study. This staining pattern was 
not seen with antibodies against another death receptor adaptor 
protein TRADD (data not shown) in the absence of leptomycin, 
in agreement with a previous report (22). It was unlikely that 
fixation and permeabilization selectively leached a non-nuclear 

FADD mAb      PAPI FADD pAb DAPI 

-Ag MBP-FADD 

B ̂ M 
DAPI 

-«-FADD 

HA MBP-Jun 
Fig. 1. FADD localizes primarily to the nucleus. (Top) MCFlOa cells were 
analyzed for FADD localization by immunofluorescence using a mAb and a 
polyclonal antibody (pAb); a second pAb produced similar results (data not 
shown). Nuclear location is indicated by 4',6-diamidino-2-phenylindole (DAPI) 
staining. (M/drf/e) Immunofluorescent staining was carried out after incuba- 
tion of the primary antibody (mAb) with recombinant maltose-binding pro- 
tein fusion proteins of FADD or c-jun. (BottomJ MCFlOa cells were infected 
with a retrovirus containing HA-tagged FADD and stained with anti-HA 
antibody. {Inset) Fixation/permeabilization did not extract a detectable pool 
of FADD. After fixation (lane 2) or fixation plus permeabilization (lane 3) the 
insoluble fraction was dissolved in SDS sample buffer and analyzed for FADD 
by Western blotting. Lane 1 contains the soluble fraction from fixation plus 
permeabilization. 

FADD population, because no FADD was found by immuno- 
blotting of the extracted material obtained during these proce- 
dures (Fig. 1). Treatment of MCFlOa cells with FADD short- 
interfering RNA reduced both the FADD signal on a Western 
blot and the average signal intensity of nuclear immunofluores- 
cence (Fig. 6a, which is published as supporting information on 
the PNAS web site). To confirm the specificity of the nuclear 
signal, we also generated a monospecific anti-mouse FADD 
antibody and compared the immunofluorescence micrographs 
by using FADD-knockout MEFs versus FADD-expressing cells 
(47). The nuclear FADD signal obtained with an anti-mouse 
FADD polyclonal antibody was reduced to background levels 
in FADD-knockout MEFs (Fig. 6a). Also, certain mutants of 
FADD (described below) were found in the cytoplasm under the 
same fixation conditions, further excluding the possibility of a 
"fixation artifact." 

We then tested whether FADD was nuclear by a cell frac- 
tionation approach. Hypotonic lysates were subjected to low- 
speed (800 g) centrifugation, yielding a pellet that was highly 
enriched for nuclei. Equal cell equivalents of nuclear and 
cytoplasmic fractions were assayed for FADD content by West- 
ern blotting (Fig. 66), indicating that the majority of FADD 
protein was in the nuclear fraction, as was the majority of c-jun 
protein. By contrast, the cytoplasmic protein procaspase-3 was 
mainly in the cytoplasmic fraction. It is not yet clear whether the 
small percentage of FADD found in the cytoplasmic fraction in 
some experiments was caused by leakage from the nucleus 
during the extraction procedure, the extent of which varies 
widely among nuclear proteins (48, 49), or represented a minor 
cytoplasmic pool that escaped immunofluorescent detection. 

Taken together, the data strongly indicated that the primary 
localization of FADD is in the cell nucleus of adherent cell lines. 

Exportin-5 Is a Potential FADD-Shuttling Protein. FADD functions at 
the membrane as a death receptor adaptor protein, implying that 
either a minor cytoplasmic pool is maintained constitutively or 

5212   I   www.pnas.org/cgi/doi/10.1073/pnas.0431215100 Screaton et a/. 



HA       DAPJ 

Wt 

F25G 

A1-80 

S194A 

^^ 

m DAttached + 2R2 
■ Deiached 
■^ Detached+ 2R2 

A   S   A   S   A   S 
hr 

Fig. 2. Characterization of FADD nuclear Import/export, (a) Mutation of the 
Ser-194 phosphorylation site or of the DED (amino acids 1-80) of FADD 
increases its cytoplasmic accumulation. HA-FADD expression constructs con- 
taining the indicated FADD nnutants were transfected into MCFlOa cells, 
which were then immunostained with anti-HA antibody after being main- 
tained in attached conditions. Representative HA-stained cells and the posi- 
tions of their nuclei (4',6-diamidino-2-phenylindole, DAPI) are shown, (b) The 
same mutations of FADD that cause cytoplasmic accumulation also prevent 
induction of export after nuclear localization has been experimentally en- 
forced. YFP-FADD-NLS expression constructs containing WT FADD or mutant 
FADD sequences linked to three simian virus 40 NLSs were transfected into 
MCFlOa cells. Attached or (15 min) detached cells treated in the presence or 
absence of a Fas-agonistic antibody (2R2) were then scored for nuclear (N) or 
nuclear plus cytoplasmic (N + C) localization of the fluorescent tag; represen- 
tative images used to score the cells are shown (Top), and quantitation of the 
results is shown in the histogram (Middle). The percentages of NC cells under 
attached conditions (without 2R2) were on average 2% greater for YFP- 
FADD-NLS than for YFP-NLS. [A, YFP-NLS; B, YFP-FADD {WT)-NLS; C, YFP- 
FADD (SI 94A)-NLS; D, YFP-FADD (A1-80)-NLS.] (Bottom) Detachment of cells 
from matrix promotes the recruitment of endogenous FADD protein to cell 
surface Fas-FasL complexes. Cells were incubated with a Fas agonistic mAb 
(2R2) under attached (A) or suspended (5) conditions for the indicated times; 
complexes were immunoprecipitated and analyzed for FADD by Western 
blotting. 

that conditions that sensitize the cell to FasL trigger a rapid 
export of some fraction of FADD from the nucleus. In either 
event, we suspected that FADD's nucleocytoplasmic transport 
was likely to be performed actively by a transport protein rather 
than occurring by diffusion. To investigate the transport mech- 
anism, we noted that FADD is phosphorylated at Ser-194 (50, 
51). The function of this phosphorylation is unknown; it is not, 
however, required for the interaction of FADD with caspase-8 
or Fas (50). 

When hemagglutinin (HA) epitope-tagged FADD was trans- 
fected transiently into MCFlOa cells, most cells showed mainly 
nuclear staining. However, the mutation of Ser-194 to alanine 
caused the FADD to be almost uniformly distributed throughout 
the cell (Fig. 2a). Among other mutants tested, the only other 
alterations similarly affecting FADD localization were either the 
deletion of the death effector domain (DED) (amino acids 1-80) 
or point mutation of Phe-25 to a glycine, which disrupts DED 
homotypic interactions (52). Despite this finding, there was no 
obvious basic amino acid-containing NLS present in the region 
of Ser-194 or in the DED, suggesting an unusual import mech- 
anism (discussed below). 

We then established an assay for the nuclear export of FADD 
in which YFP-labeled FADD was forced to assume a nuclear 
localization at time 0, regardless of FADD mutations, caused by 
three simian virus 40 NLSs appended to the C terminus. This 

assay allowed us to assay mutants that were potentially defective 
in both import and export for export specifically. We found that 
a brief period of cell detachment from matrix caused the WT 
YFP-FADD-NLS to partially export from the nucleus, produc- 
ing a nuclear-plus-cytoplasmic signal in <»20-25% of the cells in 
15 min, whereas the control YFP-NLS remained in 95% of the 
nuclei (Fig. 2b) This export may contribute to the increased FasL 
sensitivity of suspended compared with attached MCFlOa cells 
(R.A.S. and S.M.F., unpublished work), which remains to be 
established. The export was not caused by anoikis-induced 
breakdown of the nuclear envelope, as evidenced by the afore- 
mentioned YFP-alone control, the fact that export preceded 
detectable caspase activation by several hours, and the insensi- 
tivity of export to the pan-caspase inhibitor zVAD-fmk (data not 
shown.) Moreover, the detachment of from matrix promoted the 
recruitment of endogenous FADD to cell-surface Fas-Fas an- 
tibody complexes (Fig. 2b), validating cell detachment as a 
stimulus for FADD export. 

We used this assay to compare the export capabilities 
of various mutants of FADD. Interestingly, the S194A and 
DED mutations (that inhibited import) also inhibited ex- 
port of FADD. Although the DED contained a leucine-rich 
sequence that was a potential signal for crml-mediated export 
LTELKFLCL, mutations of the leucines in this sequence did not 
affect export; also, the crml inhibitor leptomycin B did not af- 
fect export of YFP-FADD-NLS at doses that completely pre- 
vented export of the crml-cargo, protein kinase A-inhibitor 
(data not shown), suggesting that crml did not export FADD. 

The observation that the same mutations prevented both 
FADD import and export and that a phosphorylation site was 
required for both suggested the involvement of a nucleocyto- 
plasmic shuttle protein that interacted preferentially with phos- 
phorylated cargoes. Such a protein has been identified recently 
in human cells: hmsn5/exportin-5 (53). Although this protein 
was originally dubbed an exportin, it was subsequently shown to 
act as an importin as well (54). FADD interacted efficiently with 
exportin-5/hmsn5 but not with crml in cotransfection experi- 
ments in 293T cells (Fig. 7, which is published as supporting 
information on the PNAS web site). Interestingly, the mutants of 
FADD that did not transport to or from the nucleus efficiently, 
S194A and Al-80, also did not interact efficiently with exportin- 
5/hmsn5. Furthermore, GST-FADD protein recovered from 
transfected 293T cells interacted in vitro with purified exportin- 
5/hmsn5 protein in the presence of activated Ran protein [in 
accordance with the role of activated Ran in nuclear transport 
by exportin-5 (53)]; however, the same FADD protein first 
subjected to dephosphorylation did not (Fig. 7). Taken together, 
exportin-5/hmsnS is a candidate FADD-shuttling protein, which 
remains to be confirmed by protein ablation experiments (com- 
plicated by the fact that exportin-5 is required for viability). 
Nevertheless, the data clearly define a role for Ser-194 phos- 
phorylation in determining the localization of FADD protein. 

FADD Interacts with MBD4. We hypothesized that FADD may carry 
out a novel function in the nucleus. Thus, a cDNA library derived 
from MCF-7 mammary adenocarcinoma cells was screened for 
FADD-interacting proteins in a yeast two-hybrid system. 

Surprisingly, about one-third of the positive clones were 
fragments of MBD4. MBD4's interaction with FADD was highly 
specific in yeast, as several unrelated bait proteins failed to 
interact with it (Fig. 8a, which is published as supporting 
information on the PNAS web site). Using MBD4 deletion 
mutants expressed in the yeast two-hybrid system, we mapped 
the interacting region of MBD4 to amino acids 400-455, which 
is immediately upstream of the glycosylase domain (Fig. Sb). The 
regions of FADD required for MBD4 interaction were mapped 
similarly, indicating that the DED (amino acids 1-80) was 
required for the interaction but the carboxyl-terminal tail region 
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Fig. 3. FADD interacts witli MBD4 in mammalian cells. {Upper) IVICFlOa 
lysates were immunoprecipitated (IP) with sheep anti-MBD4 antibody (M), 
antl-FADD polyclonal Ab (F), or preimmune serum (pre). Immunoprecipitates 
were analyzed by Western blotting using FADD mAb and a heavy v chain- 
specific anti-mouse secondary antibody. {Lower) Lysates from ^^P-labeled 
MCFlOa cells were immunoprecipitated as above and the products were 
detected by autoradiography. Note that one of the two major antibody- 
specific bands precipitated with anti-FADD antibody comigrated with MBD4 
(compare lanes M and F). The <=90-kDa band precipitated with FADD antibody 
was suspected to be MLH1, which was confirmed below. All of the lanes shown 
were derived from the same gel; intervening lanes were deleted for clarity. 

(needed for exportin-5 interaction as shown above) was not 
required (Fig. 8c). To test the sufficiency of the DED for MBD4 
interaction, noting that the DED alone was not expressed well 
in yeast or 293T cells, the interaction was assayed in vitro by using 
recombinant proteins. Interestingly, the DED of FADD was 
reproducibly found to interact more efficiently with MBD4 than 
did full-length FADD (Fig. 8c). The involvement of the DED of 
FADD suggested that MBD4 and caspase-8 might compete 
against each other for binding to FADD, which was confirmed 
in vitro (data not shown). 

To test the FADD-MBD4 interaction in mammalian cells, we 
first cotransfected epitope-tagged forms of the two proteins into 
293T cells, pulling down one protein on glutathione beads and 
probing a Western blot for the other in both combinations (Fig. 
9a, which is published as supporting information on the PNAS 
web site). FADD and MBD4 interacted efficiently and specifi- 
cally by this criterion. We then assayed for the interaction of the 
endogenous proteins by coimmunoprecipitation (Fig. 3). A 
sheep polyclonal antibody was prepared against the C-terminal 
domain of bacterially expressed human MBD4 and its specificity 
was confirmed (Fig. 5d). This antibody was used to immuno- 
precipitate MBD4 from MCFlOa lysates. These immunoprecipi- 
tates (in contrast to those with preimmune sheep IgG) contained 
a FADD signal that was readily detectable on Western blots with 
exposure times of <10 s. To perform the converse experiment 
(noting that the sheep anti-MBD4 did not work well for Western 
blot detection and that both FADD and MBD4 are phospho- 
proteins), cellular proteins were metabolically labeled with ^^P, 
and lysates were immunoprecipitated with our polyclonal FADD 
antiserum. The immunoprecipitates were analyzed by autora- 
diography of an SDS gel, revealing a specific band that precisely 
comigrated with MBD4 immunoprecipitated from parallel ly- 
sates, as well as a band of the molecular mass of MLHl {^87 
kDa). Indeed, endogenous FADD immunoprecipitated from 
MCFlOa cells revealed the presence of MLHl protein by 
Western blot analysis (Fig. 9b), and 293T cotransfection con- 
firmed that the DED was required for this association as well. 
These data indicate that endogenous FADD and MBD4 proteins 
interact in MCFlOa cells. 

Liver 
ill II 
Small 
Intestine 

Large 
intestine 

Fig. 4. MBD4 regulates FasL-induced apoptosis. MBD4 knockout or WT 
mice were injected with the agonistic Fas antibody Jo-2, and at the times in- 
dicated, intestinal crypt cells or hepatocytes were analyzed for apoptosis as 
described (47). 

IVIBD4 Affects Apoptosis. The interaction of MBD4 with the 
caspase-8-activating protein FADD suggested that MBD4 might 
be capable of regulating apoptosis. To test this, we used our 
previously described MBD4 knockout mouse model (29). We 
recently observed evidence for a proapoptotic role of MBD4 
with respect to DNA-damaging agents (O.J.S. and A.R.C., 
unpublished data). In light of the primary role of FADD in death 
receptor-induced apoptosis, WT control or MBD4 knockout 
mice were injected with the Fas-agonistic antibody Jo-2, which 
induces apoptosis rapidly in intestinal and hepatic epithelial cells 
that can be scored readily by histological analysis. Interestingly, 
the MBD4 knockout mice were reproducibly more sensitive 
(^5.5-fold in the small intestine) to apoptosis in this context (Fig. 
4). To examine the effect of MBD4 on FasL responses in MEFs, 
we rescued MBD4-/- MEFs with an HA-mouse-MBD4 ret- 
rovirus, generating mixed populations that expressed MBD4 at 
3-fold above the WT MEF level (but substantially lower than the 
levels in established cell lines such as MCFlOa; data not shown). 
This approach circumvented the comparison of cells from dif- 
ferent embryos, which was confounded by variability. Surpris- 
ingly, MBD4 sensitized these cells, in contrast to the intestinal 
cells in vivo, to FasL-induced apoptosis (Fig. IQa, which is 
published as supporting information on the PNAS web site). This 
finding suggested that the effect of MBD4 on FasL-induced 
apoptosis depended on the cell type or the precise MBD4 
expression level (which may in turn affect protein complex 
composition or MBD4 posttranslational modifications). Inter- 
estingly, MBD4 reexpression sensitized these MBD4-knockout 
cells to anoikis-related caspase activation as well (Fig. IQb). 

Discussion 
Nuclear Localization of FADD. FADD couples death receptors with 
initiator caspases (35-37). Thus, FADD is assumed to be pri- 
marily cytoplasmic. However, the evidence to support this 
assumption is limited to overexpressed FADD, which aggregates 
into "death effector filaments" (55, 56). These structures have 
not been observed for endogenous FADD, and, unlike endog- 
enous FADD (R.A.S. and S.M.F., unpublished data) are Triton- 
insoluble (56). Thus, the localization of endogenous FADD 
protein was unexplored to our knowledge until the present 
report. The localization of FADD reported here does not imply 
that 100% of FADD is nuclear: clearly, the well-documented 
death receptor adaptor function of FADD logically implies that 
this is not the case. Thus, either there is a constitutive but minor 
cytoplasmic pool of FADD for this purpose or costimulatory 
signals for Fas signaling such as lack of cell-matrix adhesion 
(R.A.S. and S.M.F., unpublished data; refs. 43 and 44) stimulate 
the nuclear export of FADD. The latter is consistent with our 
results (Fig. 26); thus, it will be interesting to determine how 
extracellular signals regulate FADD localization, as this could 
potentially modulate death ligand sensitivity. Control of Ser-194 
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phosphorylation, which is required for import/export and ex- 
portin-5 interaction, is likely to play a key role. 

Significance of the FADI>-MBD4 Interaction. MBD4 and FADD 
interacted with each other, suggesting a novel linkage between 
genome surveillance/DNA repair and apoptosis. Consistent 
with this finding, MBD4 was shown herein to control apoptosis. 
Preliminary data (not shown) using short-interfering RNA to 
reduce MBD4 protein levels in epithelial cell lines support this 
conclusion. The fact that MBD4 regulates FasL responses clearly 
implicates a functional connection between MBD4 and FADD, 
although more mechanistic information will be needed to 
conclude that MBD4 controls apoptosis by its direct FADD 
interaction. 

Metazoan cells couple genome surveillance to apoptosis (re- 
viewed in refs. 1, 12, and 57) to eliminate genetically aberrant 
and potentially neoplastic cells. We propose that MBD4- 
mediated genome surveillance is coupled directly to nuclear 
FADD, an adaptor protein implicated in multiple apoptotic 
responses (36-42). MBD4 is thought to specifically repair GT 
mismatches resulting from the spontaneous deamination of 
methylcytosine (25), the most frequent cause of point mutations 
in the human genome (28). In fact, MBD4 knockout mice show 
a mutator phenotype that leads to enhanced spontaneous car- 
cinoma frequency in the min background (29). Thus, one 
compelling fiinction for the MBD4-FADD complex would be to 
couple extensive "GT mismatch signals" to apoptosis. 

The ability of MBD4 to regulate apoptotic responses to diverse 
DNA lesions (O.J.S. and A.R.C., unpublished data) or stimuli 
not apparently causing DNA damage is more challenging to 
explain. First, MBD4 interacts with MLHl protein, and the latter 
promotes apoptosis triggered by a wide variety of DNA damage 
types (7-11), possibly because of its involvement in a large 
multifunctional DNA repair complex (58). Second, although 
FasL and anoikis are not considered DNA-damaging, they 
rapidly activate caspases, in turn activating nucleases that cause 
double-strand DNA breaks (59,60). The latter would elicit DNA 
damage signals, thus activating caspases further in a feed- 
forward loop that finalizes the cell's commitment to apoptosis. 
The possible involvement of FADD and MBD4 in this amplifi- 
cation process, which would explain the proapoptotic effects of 
MBD4, remains to be determined. 

In the context of intestinal crypt cells in vivo, MBD4 para- 
doxically suppressed FasL-induced apoptosis. Cell context- 
dependent effects of a gene knockout on apoptosis are not 
unprecedented (cf ref. 61); this likely reflects cell-type differ- 
ences in apoptotic signaling mechanisms. Conceivably, MBD4 
sequesters FADD in the nucleus, thus inhibiting Fas function in 
this context. Alternatively, the relative concentrations of FADD, 
MBD4, and caspase-8 may be critical for the apoptotic output, 
because MBD4 at low concentrations promoted FADD- 
caspase-8 interaction but at high concentrations inhibited it in 
vitro (data not shown). 

MBD4 is frequently mutated in human colorectal carcinoma 
cells, most commonly by f rameshif ts in the AlO repeat at position 
301-310 (31-33), which would frameshift the downstream se- 
quences including the glycosylase domain, MLHl interaction 
domain, and FADD interaction domain. It will be of interest to 
mutationally inactivate each of these three functions indepen- 
dently to determine their contributions to apoptosis and under- 
stand whether this frameshift is potentially advantageous for 
tumor growth. 

Finally, it has been reported that FADD is required for 
optimal cell cycle progression of activated T lymphocytes (62) 
and epithelial cells (R.A.S. and S.M.F., unpublished observa- 
tions). When combined with the current observation that FADD 
is a component of a genome surveillance complex, one impli- 
cation is that this complex may function in a cell cycle checkpoint 
with MLHl or MBD4 to recognize the damage and FADD to 
arrest or promote progression through S phase. 
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Fig. 5. Characterization of the antibodies used in this study, (a) Two of the FADD 
antibodies used in this study, the monoclonal from Transduction Laboratories (TL) and 
our polyclonal BUR385, were characterized by Western blotting of two-dimensional gels 
containing total MCFlOa cell lysates. The two spots represent the unphosphorylated 
(more basic spot) and the phosphorylated (more acidic spot) forms of FADD seen in 
numerous previous publications on one-dimensional and two-dimensional gels (cf. ref. 
1). Our second polyclonal anti-FADD, BUR386, was analyzed by standard Western 
blotting, (b) Our anti-mouse FADD antibody BUR404 was characterized by Western 
blotting of total cell lysates from FADD-/- MEFs vs. FADD-rescued MEFs. Note that, 
despite the presence of a weak background band on the blot, the FADD-/- MEFs showed 
no immunofluorescent signal above background with this antibody, (c) The MLHl mAb 
from Oncogene Research was characterized by Western blotting lysates of an MLHl- 
deficient cell line, HCT116 (H),and an MLHl-expressing cell line LOVO (L). (d) 
Characterization of the sheep anti-MBD4 antibody (self-explanatory.) 

1. Scaffidi, C, Volkland, J., Blomberg, L, Hoffmann, L, Krammer, P. H. & Peter, M. E. 
(2000) J. Immunol. 164, 1236-1242. 

Fig. 6. FADD is mainly a nuclear protein, (a) Nuclear FADD staining is reduced by 
FADD short interfering RNA (siRNA) or genetic knockout of FADD. (Upper) MCFlOa 
cells transfected with FADD siRNA or luciferase siRNA control were stained with 
FADD mAb. (Inset) A Western blot FADD levels (F, upper bands) and an actin control 
(A, lower bands) on proteins from luciferase (L) siRNA- or FADD (F) siRNA-treated 
cells. (Lower) A polyclonal antibody specific for mouse FADD was generated, shown to 
be specific by Western blotting, and used to stain FADD+/+ or FADD-/- MEFs. FADD 
fractionates as a nuclear protein. MCFlOa cells lysed under hypotonic conditions were 
fractionated into "insoluble" (nuclei plus unbroken cells) and "soluble" fractions after 
low-speed centrifugation. A single Western blot was probed simultaneously with anti- 
caspase-3 antibody as a cytoplasmic marker protein and with anti-FADD antibody. Two 
representative experiments (out of three conducted) are shown. Intervening lanes were 
removed for clarity. 

Fig. 7. Exportin-5/hmsn5 is a candidate nucleocytoplasmic transporter for FADD. 
(Upper) Interaction of FADD with hmsn5 but not crml. (Left) GST-FADD expression 
constructs containing the FADD mutants indicated at the top were cotransfected with 
hmsn5-his expression constructs into 293T cells. Cell lysates were precipitated with 
glutathione-sepharose and the precipitates were analyzed on a Western blot by using anti- 
tetra-histidine antibody (top row.) The middle and bottom rows demonstrate the presence 
of the hmsn5-his and GST-FADD proteins in the transfected cell lysates. (Right) Gst- 
FADD or GST-PKI expression constructs were cotransfected with a crml expression 
construct into 293T cells and the glutathione-sepharose-precipitated protein was analyzed 
for crml on a Western blot (Upper); input gst proteins are shown (Lower). (Middle) 
Purified hsmnS and FADD interaction is stimulated by activated Ran protein. 
Recombinant hmsn5-his protein (purified from Escherichia coli) was mixed with 



recombinant GST-FADD (WT) or GST-FADD (SI94A) protein (purified from 
transfected 293T cells) in the presence or absence of RanQ69L protein (purified from E. 
coli). After incubation, glutathione beads were washed and analyzed for hmsnS-FADD 
interaction by Western blotting with anti-tetra-his antibody. GST-pl30cas was used as a 
negative control (ctrl). (Bottom) Phosphorylation of FADD is required for the FADD- 
hmsnS interaction in vivo. GST-FADD was isolated from transiently transfected 293T 
cells and phosphatased while immobilized on glutathione beads with calf intestinal 
phosphatase (CIP) in the presence or absence of phosphatase inhibitors. After removal of 
the phosphatase, the eluted GST-FADD protein was allowed to interact with mbp-hmsn5 
protein (isolated from transfected 293T cells on amylose resin). The top row shows the 
GST-FADD protein that interacted with MBP-hmsn5; the second and third rows show the 
input proteins. 

Fig. 8. Identification of MBD4 as a candidate FADD interactor. (a) FADD-MBD4 
interaction is specific in yeast. LexA-FADD (in pGilda) or lexA-control bait constructs 
were cotranformed into EGY48 yeast containing the lexA-lacZ reporter plasmid SHI8-34 
and an activation domain construct of MBD4 (MBD4/pJG4-5). Cotransformants were 
tested for lacZ activity by spotting colonies on 5-bromo-4-chloro-3-indolyl ?-D- 
galactoside plates, with the results shown in duplicate. Lane 1, lexA-FADD; lane 2, lexA- 
Ras(-CAAX); lane 3, lexA-KRIT(N-term); lane 4, lexA-KRIT(FERM); lane 5, lexA- 
HEF-1; lane 6, lexA-RBP7; lane 7, lexA-lamin; lane 8, lexA-CD40; lane 9, lexA- 
RFHMl; lane 10, lexA-FAS; lane 11, lexA-RBP4 cotransformed with its known 
interaction partner RBP7 (instead of MBD4). (b) FADD interacts with amino acids 400- 
455 of MBD4. For deletions without an asterisk, lexA-FADD was cotransformed with 
various deletion mutants of MBD4 as B42 activation domain fusions, and cotranformant 
colonies were assayed for lacZ activity. For deletions with an asterisk (*) lexA-MBD4 
was cotransformed with B42-activation domain-FADD constructs, (c) MBD4 interacts 
with the death effector domain of FADD. (Upper) Various deletion mutants of FADD 
expressed as lexA fusions were cotransformed with the B42-MBD4(Cterm) fragment and 
cotransformants were assayed for lacZ activity. As the FADD DED alone could not be 
expressed in yeast (data not shown), in vitro interaction experiments using bacterially 
produced gst-FADD and baculovirus-produced his-MBD4 were performed (Lower) to 
show that the DED sufficed for MBD4 interaction. Gst, Gst-FADD (wt) or Gst-FADD 
(DED) proteins were used to pull down 6his-MBD4 protein, and the resulting pull-down 
blot is shown in the upper row, together with an amido black confirmation of input gst 
proteins. 

Fig. 9. FADD interacts with MBD4 in mammalian cells, (a) FADD interacts with 
cotransfected MBD4. Gst-FADD (Upper) or Gst-MBD4 (Lower) were cotransfected with 
HA-MBD4 (Upper) or FADD-his (Lower). After precipitation of the lysates with 
glutathione beads. Western blots were probed with anti-HA or anti-6Xhis antibodies, 
respectively. Amido black-stained input proteins are shown. MLHl is in a complex with 
FADD. (b) MLHl is in a complex with FADD. (Upper) Endogenous FADD was 
immunoprecipitated from MCFlOa ly sates by using FADD pAb (F) or with preimmune 



serum (pre). The immunoprecipitates were analyzed by Western blotting using an anti- 
MLHl mAb. (Lower) The death effector domain (amino acids 1-80) of FADD is 
required for MLHl association. 293T cells were cotransfected with the indicated HA- 
FADD constructs and FLAG-MLHl; the anti-HA immunoprecipitates were analyzed by 
Western blotting for FLAG-MLHl. 

Fig. 10. MBD4 promotes FasL-induced apoptosis and anoikis in MEFs. (a) MEFs from 
MBD4-knockout embryos were rescued with mouse HA-MBD4 by using a retrovirus. 
The mixed, drug resistance-selected population, which was shown to be nearly 100% 
HA-MBD4 positive (+), or a mixed population of knockout cells infected with an empty 
retrovirus (-) were assayed for FasL-induced caspase activation, (b) MBD4 promotes 
anoikis in MEFs. Mixed populations of knockout or rescued cells as described in a were 
asayed for anoikis-related caspase activation after being held in suspension for the 
indicated times. 
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