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The Fas-associated death domain-containing protein (FADD)
is an adaptor for relaying apoptotic signals initiated by death
receptors such as Fas. Whereas a lack of death receptors has no
effect on mouse development, FADD deficiency results in early
embryonic lethality, indicating that FADD has additional func-
tions independent of death receptors. We have previously
shown that conditional deletion of FADD not only impairs apo-
ptosis but also leads to defective lymphocyte proliferation. The
non-apoptotic signaling mediated by FADD remains poorly
understood. Earlier studies have suggested that FADD carboxyl
terminal serine phosphorylation likely plays a role in FADD-
mediated proliferation signaling in T cells. The FADD death
domain is presumably only required for apoptotic signaling, as it
interacts with death receptors which are dispensable during
embryonic development and lymphocyte proliferation. To test
this hypothesis, we have performed mutational analyses of the
FADD death domain and identified a mutant, R117Q, which
lacks binding to Fas and, thus, is incapable of apoptotic signaling
in cell lines. Unexpectedly, this death domain point mutation
disrupted mouse embryonic development as shown by in vivo
functional reconstitution analyses. Interestingly, a second
FADD death domain mutant, V121N, retained normal Fas bind-
ing and apoptotic signaling ability but also failed to support
mouse development. Furthermore, lymphocyte proliferation
responses were impaired by V121N. This reverse genetic study
has revealed a previously unappreciated role of the FADD death
domain, which likely functions as a molecular switch regulating
two distinct signals leading to apoptosis and cell proliferation
and is critical for embryogenesis, lymphocyte development, and
proliferation.

The death domain (DD)® was initially identified during
mutational studies of the pro-apoptotic receptors Fas and TNF-
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R1, also known as death receptors (DRs) (1, 2). Amino acid
replacements targeted at the DD, a stretch of about 80 amino
acids within the intracellular sequences of Fas and TNF-R1,
abrogate cell death signaling induced by these two DRs.
Sequence homology searches led to the identification of addi-
tional members of the DR family, including DR3, DR4 (TRAIL-
R1), DR5 (TRAIL-R2), and DR6, which also contain an intra-
cellular DD. The physiological function of DRs has been
investigated by analyses of humans and animals carrying muta-
tions in the DR genes. Mutations in the DD of Fas lead to lym-
phoproliferation (/pr) and autoimmune diseases (3, 4) and also
result in predisposition to skin and lymphoid malignancy (5-7).
TNE-R1-deficient mice are resistant to endotoxic shock but are
highly susceptible to pathogens (8, 9). DR3™”~ mice have no
obvious abnormalities except compromised thymic negative
selection (10). DR4/5~"~ mice have a normal lymphoid system
but show enhanced innate immune responses to viral infection
(11). Blocking the binding of TRAIL in mice with soluble DR5
enhances autoimmune inflammation and cell cycle progression
in lymphocytes (12). TRAIL™’~ mice are susceptible to induced
and spontaneous tumors as well as metastasis of engrafted
tumors (13-15).

FADD (or Mortl) was initially identified as an adaptor for
Fas-induced apoptosis (16-18) and was later shown to be
involved in apoptotic pathways initiated by TNF-R1, DR3, and
TRAIL-Rs (19-28). The adaptor protein, TRADD, is involved
in the TNF-R1 signaling pathway and has been shown to asso-
ciate with FADD (29). There is a DD-like sequence at the car-
boxyl proximal region of FADD that interacts with the DDs of
DRs and TRADD. FADD contains a second protein interaction
structure at the NH, terminus, called the death effector domain
(DED), that binds to the DED present in the pro-domain of
caspase 8 (FLICE or MACH) (30, 31). Gene-targeting studies
have revealed a novel function of FADD essential for embryonic
development (25, 32, 33). FADD "~ and caspase 8/~ mice die
midgestation, whereas mice lacking individual DRs have no
obvious defects regarding embryonic development. Analyses of
conditional mutant mice demonstrated that lymphocytes lack-
ing either FADD or caspase 8 are not only defective in apoptosis
induced by Fas but also impaired in proliferative responses
induced by the T cell antigen receptor and Toll-like receptors
(TLRs) (34—-38). Overexpression of a fragment of FADD that
contains the DD but lacks the DED blocks both apoptosis and
proliferation in T cells (16, 18, 39-41).

During development cell death is required for proper orga-
nogenesis and generation of complex multicellular tissues (42,
43). In adults, homeostasis in the lymphoid system and other
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organs and tissues is controlled in part by induction of cell
death (44). The early embryonic lethality phenotype of FADD-
deficient mice is intriguing given that mice lacking individual
DRs develop normally (8, 9, 11, 45). No embryonic defect or
abnormal lymphocyte proliferation responses was reported in
double mutant mice containing null alleles of Fas and TNF-R1
(46, 47). Although there is a better understanding of the FADD-
mediated apoptosis pathway, very little is known regarding the
signaling intermediates and pathways involving FADD in cell
proliferation and mouse development. The diverse functions of
FADD are likely mediated by its selective interaction with dis-
tinct protein partners, including novel ones yet to be identified.

We are interested in dissecting the functional domains in
FADD that mediate distinct pathways required for animal
development, cell death, and proliferation. In addition to the
DD and DED, a functional motif of FADD was proposed to
contain a phosphorylated serine residue (Ser-191) at the car-
boxyl terminus which may play a role in lymphocyte prolifera-
tion responses (48). The DD of FADD is clearly essential for
apoptosis, as it interacts with the DD of DRs directly or through
the TRADD adaptor protein. Structural analyses indicate that
the DD of FADD consists of six anti-parallel a-helices, similar
to the structure of the DD of Fas (49—52). An initial analysis
indicated that a putative Fas binding surface involves six amino
acid residues within a-helices two and three of the FADD DD
(49). Later, additional residues in a-helices 1, 4, 5, and 6 in the
DD of FADD were reportedly involved in mediating binding to
Fas (53). To delineate the functional domains of FADD, we
have generated mouse FADD DD mutants and performed
protein-protein interaction assays in yeast cells and in
FADD-deficient (FADD~”~) mouse embryonic fibroblast
(MEF) cells. Functional reconstitution analyses were per-
formed by transgenic expression of FADD DD mutants in
FADD ™~ mice. Taken together, our data from these reverse
genetic studies demonstrated that in addition to a role in
apoptosis mediated by DRs, the DD of FADD has a non-apo-
ptotic function in vivo which is essential for embryonic
development and lymphocyte proliferation.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis and Retrovirus-mediated Gene
Expression in FADD ™"~ Cells—Mutagenesis was performed on
a full-length murine FADD cDNA cloned in pSP72 using the
QuikChange II kit (Stratagene). The mutant FADD cDNAs
were then subcloned into a murine stem cell virus-based CMV-
IRES-GFP vector (provided by Dr. W. Sha, University of Cali-
fornia at Berkeley). Procedures for the recombinant virus pack-
aging in the 293T cell line and the subsequent mutant protein
expression via retroviral transduction in FADD ™"~ MEFs were
performed as previously described (21).

Cell Death Assays—FADD ™"~ MEFs reconstituted with wild
type and mutant FADD were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 100
pg/ml streptomycin sulfate, and 100 IU/ml penicillin. MEFs
were re-seeded into 96-well plates (1.5 X 10* cells per well) in
triplicate in Dulbecco’s modified Eagle’s medium containing
5% fetal calf serum and incubated at 37 °C for 10 h (about 70%
confluence). To induce apoptosis, Jo2 anti-Fas antibodies (1
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pg/ml, Pharmingen) and cycloheximide (1 ug/ml, Sigma) were
added to each well. After 16 h cell death was determined by
propidium iodide uptake assays using a flow cytometer
(Coulter EPICS XL) as previously described (16). Cell death was
induced by a 16-h treatment with mouse recombinant TNF«
(100 ng/ml, Genzyme Corp.) and cycloheximide (10 ug/ml) and
analyzed by propidium iodide uptake assays.

Immunoprecipitation and Immunoblotting—FADD "~ MEFs
(3 X 107) expressing either the wild type or mutant FADD were
detached from culture plates by trypsinization and were resus-
pended in 5 ml of Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal calf serum. These cells were incubated with Jo2
anti-Fas antibodies (10 g, Pharmingen) for 15 min at 37 °C.
Cells were then washed with ice-cold PBS and lysed for 1 h at
4.°C in a lysis buffer containing 50 mm Tris-HCI, pH 8.0, 150
mM NaCl, 1 mwm dithiothreitol, 1 mm EDTA, 10 mm S-glycero-
phosphate, 1 mm sodium vanadate, 0.1 mm NaF, 1% Nonidet
P-40, 0.2 mm phenylmethylsulfonyl fluoride, and a protease
inhibitor mixture (Roche Applied Science). After centrifugal
removal of cell debris, additional anti-Fas antibodies were
added (1 pg) to the supernatant, and protein complexes were
precipitated using protein A-agarose beads (Pierce) by rota-
tional mixing at 4 °C for 3 h. Beads coupled with protein com-
plex were washed four times with ice-cold lysis buffer. Proteins
were eluted by boiling in a standard sample buffer for 3 min and
fractionated by 12% SDS-PAGE. FADD and caspase 8 associ-
ated with Fas were detected with polyclonal anti-FADD anti-
bodies or monoclonal anti-caspase 8 antibodies (1G12, Alexis)
by Western blotting procedure.

Genomic Reconstitution of FADD ™~ mice—The 12-kb FAD-
D:GFPwild type fusion minigene and the FADD '~ FADD:GEP
mice were generated in a previous study (35). To generate
the R117Q:GFP and VI2IN:GFP constructs, site-directed
mutagenesis was performed on a 1-kb Xhol fragment contain-
ing exon 2 of FADD. The R117Q and V121N mutant fragments
were used to replace the 1-kb Xhol fragment on the wild type
FADD:GFP minigene construct. The resulting R117Q:GFP and
VI21IN:GFP constructs were injected into wild type C57BL/6
mouse embryos to produce FADD"" RI17Q:GFP, and
FADD""" VI12IN:GFP mice. These mice were then crossed
with heterozygous FADD knock-out (FADD"”~) mice, and the
resulting FADD"’~ R117Q:GFP and FADD"’~ VI2IN:GFP
mice were backcrossed with FADD ™~ mice to obtain FADD "~
R117Q:GFP and FADD ™/~ VI2IN:GFP mice. Offspring were
genotyped by Southern blots using genomic DNA isolated from
tails. All animal studies were approved by Institutional Animal
Care and Use Committee at Thomas Jefferson University.

Embryo Study—Timed mating was performed on crosses
between heterozygous FADD knock-out (FADD*/~) mice
and FADD"/~ R117Q:GFP or FADD"/~ VI2IN:GFP mice.
Embryos were isolated at embryonic days 10.5-15.5. Gross
morphology was recorded using a stereomicroscope. Geno-
typing was performed by Southern blotting and PCR using
genomic DNA extracted from embryos. Transgene expression
was examined by Western blotting using whole cell extract pre-
pared from embryonic tissues.

AV DN
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polyclonal antibodies. After geno-

types were determined by PCR or
the FADD protein expression was
confirmed by Western blotting,
fetal liver cells were thawed by incu-
bating at 37 °C for 3 min, immedi-
ately re-suspended in PBS, and
washed once with PBS. One million
fetal liver cells were resuspended in
200 pl of PBS and transferred by tail
vein or retroorbital injection into
NOD.Cg-Prkdc™®  [12rg"¥/'|Sz]
mice (NOG, 005557; The Jackson
Laboratory) after 200 RAD irradia-
tion as shown previously (54). The
resulting chimeras were analyzed
8—14 weeks post-transfer. Lympho-
cyte proliferation and apoptosis
assays were performed as previously
described (34, 35).
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FIGURE 1. Further mutational analyses of the DD of FADD. A, cross-species sequence alignment of the DD of
FADD. Conserved resides are shaded. The residues that were mutagenized in previous (+) (21), and current
studies (*) are indicated. Six a-helices (a1-a6) of the DD are defined according to previous studies (49, 50). The
R117Q and V121N mutations indicated by arrowheads were tested in mice in the current study. B, the DD
mutations K125A, R142A, K146A, R166E, and D175R were generated by site-directed mutagenesis, and the
resulting full-length mouse FADD mutants were stably expressed in FADD/~ MEFs that lack the endogenous
FADD. FADD ™/~ MEFs stably transfected with the retroviral vector, murine stem cell virus-CMV-IRES-GFP, or
with the viral construct containing WT FADD were used as controls. These reconstituted MEFs were treated
with anti-Fas antibodies (left) or TNFa (right) to induce apoptosis. Cell death was determined by propidium
iodide staining and flow cytometric analysis at 16 h after stimulation. Untreated cells (medium, unfilled bars)

were used as controls.

Fetal Liver Cell Adoptive Transfer—Timed mating was set up
as described above. At embryonic days 12.5-15.5, pregnant
mice were dissected to surgically remove the uterus. Embryos
were isolated using a dissecting microscope. After surgical
removal, the fetal liver was disintegrated by pipetting in 1 ml of
PBS, and cells were filtered through 50 uM mesh. After centrif-
ugation, cells were resuspended in freezing medium (7% DMSO
in fetal bovine serum) and frozen in liquid nitrogen. Genomic
DNA was extracted from embryo tissues and used for PCR
genotyping as described (35). Proteins were extracted from
embryo tissues by 6 passages through a 23-gauge needle in
radioimmune precipitation assay buffer containing 50 mm Tris-
HCI, pH 7.4, 150 mMm NacCl, 1% deoxycholate, 0.1% SDS, 1 mm
EDTA, 1% Nonidet P-40 (Calbiochem), with 1 mm phenyl-
methylsulfonyl fluoride (Sigma-Aldrich), 0.7 ug/ml pepstatin
(Roche Applied Science), and a protease inhibitor mixture
(Roche Applied Science). The extracts were subjected to SDS/
PAGE, and Western blotting was performed using anti-FADD

APRIL 10, 2009+VOLUME 284 -NUMBER 15

P oar & S
o

RESULTS

Mutational Analysis of the Death
Domain of FADD—We (initially
sought to identify FADD mutants
with selective loss of function to
help define the functional domains
of FADD. The DD of FADD had
previously been targeted for site-di-
rected mutagenesis, as it mediates
binding to Fas or TRADD. Cross-
species sequence alignments of the
FADD DD revealed amino acid res-
idues that are highly conserved from
flies to humans (Fig. 1A4). It has been
indicated that several residues local-
ized within a-helices 2 and 3 of the
DD of FADD, as highlighted in Fig.
1A, are involved in mediating FADD
binding to Fasand TRADD (49). We
have performed yeast two hybrid assays and functional recon-
stitution analyses using FADD-deficient (FADD "~ ) MEF cells
and found that mutations at one particular residue, Arg-117,
disrupted FADD-Fas and FADD-TRADD interactions and
resulted in defective apoptosis induced by Fas or TNFa (21). An
expanded Fas binding surface in the DD of FADD was pro-
posed, suggesting that residues including Lys-125, Arg-142,
Lys-146, Arg-166, and Aspl75 in a-helices 3, 4, 5, and 6 of the
DD of FADD were involved in binding of FADD to Fas (Fig. 14)
(53). Therefore, in the current study we performed additional
site-directed mutagenesis of the DD of FADD, substituting
each of the abovementioned residues with the indicated resi-
dues (Fig. 1, A and B). In functional reconstitution assays, the
resulting full-length K125A, R142A, K146A, R166E, and D175R
FADD mutants were expressed in FADD "~ MEFs lacking the
endogenous FADD to determine whether their ability in medi-
ating apoptosis induced by Fas and TNF was affected. To avoid
potential side effects caused by transient overexpression, we
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employed retrovirus-mediated gene transfer to stably express
the wild type and the mutant FADD proteins. The wild type
FADD WT cDNA was expressed stably in FADD™’~ MEFs
lacking the endogenous FADD and used as a control (Fig. 1B).
FADD ™'~ MEFs containing the cloning vector were used as the
FADD-negative control.

To induce apoptosis, reconstituted MEFs were treated with
an agonistic anti-Fas antibody. As shown in Fig. 1B, FADD "~
control MEFs infected with the retroviral vector were highly
resistant to this treatment, whereas FADD WT control MEFs
underwent extensive death (~80%) at 16 h after stimulation
with anti-Fas antibodies. Interestingly, MEFs expressing
K125A, R142A, K146A, R166E, and D175R mutants of FADD
can be killed as efficiently as the FADD WT control by anti-Fas
antibodies (left, Fig. 1B). When treated with TNFa, there was
80-90% cell death in MEFs reconstituted with each of the five
mutants of FADD, which is similar to cell death induced in the
FADD WT control (right, Fig. 1B). These results indicate that
the K125A, R142A, K146A, R166E, and D175R mutations of the
DD of FADD have no major effect on apoptosis induced by Fas
or TNF.

We previously showed that the R117A mutant of FADD is
not capable of binding to Fas or TRADD and cannot mediate
apoptosis induced by Fas or TNFa (21). In this study a second
mutation was introduced into FADD to replace Arg-117 with
glutamine, which has a side chain structure similar to that of
arginine. The resulting R117Q mutant was stably expressed in
FADD ™/~ MEFs. Like the R117A mutant, R117Q is not func-
tional in mediating apoptosis induced by Fas or TNFa (Fig. 2A4).
Apoptotic signal-specific protein interaction was determined
by co-immunoprecipitation analyses. The Fas binding ability of
FADD was diminished dramatically by the R117A or R117Q
mutations (Fig. 2B). As expected, signal-specific recruitment
of caspase 8 was also disrupted by the R117A and R117Q
mutations.

Expression of the FADD DD Mutant Proteins in Mice—To
perform in vivo analyses of FADD mutants, we employed a
12-kb minigene containing the wild type mouse FADD gene
exon 1 coding for the DED and exon 2 coding for the DD of
FADD (FADD WT; Fig. 3A). To facilitate the detection of pro-
tein expression, a green fluorescent protein (GFP) tag was fused
in-frame at the carboxyl terminus of FADD to generate the
FADD:GFP minigene (designated WT:GFP hereafter), as shown
previously (35) (Fig. 34). The R117Q mutation was then intro-
duced to produce the R117Q:GFP mutant minigene (Fig. 3A4).
This construct was injected into wild type C57BL/6 (B6) mouse
embryos, and multiple lines of FADD"”" R117Q:GFP trans-
genic mice were produced. A point mutation (/pr*’) in the DD of
Fas results in a loss of apoptotic function of Fas due to a replace-
ment of isoleucine 125 with asparagine (I125N) (55). It has been
suggested that an [pr®*-like mutation, V121N, at the junction of
a-helices 2 and 3 of FADD might disrupt binding of FADD to
Fas (Fig. 14) (49). In functional reconstitution analyses using
FADD "~ MEFsand FADD ”~ mice, we found that the V121N
mutant protein can bind to Fas and is functional in mediating
apoptosis (Fig. 24) (21). However, V121N appeared to lack a
function required for embryonic development, as FADD "~
V121N mice were not viable. It was unclear whether this is due
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FIGURE 2. Mutations targeting Arg-117 in the DD disrupted the apoptosis
function of FADD. A, Arg-117 was replaced with glutamine, which has a side
chain structure similar to that of arginine. The resulting R117Q FADD mutant
was stably expressed in FADD ™/~ MEFs, and apoptosis was induced by anti-
Fas antibodies (top) or TNFa (bottom). Similar to MEFs reconstituted with the
previously described R117A mutant (21), MEFs expressing the R117Q mutant
are highly resistant to apoptosis induced by Fas or TNFa. The Fas”'-like
mutant of FADD, V121N, was used as a control, which is functional in apopto-
sis signaling. B, to detect signal-specific protein interactions, reconstituted
MEFs were stimulated with anti-Fas antibodies, and Fas was immunoprecipi-
tated (IP). After SDS/PAGE and blotting, the presence or absence of WT,
R117A,R117Q, and V121N mutant FADD proteins as well as Caspase (Casp) 8
in the coimmunoprecipitation complex was detected by Western blotting
(WB) with anti-FADD or anti-caspase 8 antibodies.

toalack of expression of the V121N mutant protein in embryos.
Therefore, in the current study we fused GFP to V121N as
described above for the R117Q construct to facilitate monitor-
ing the FADD mutant protein expression in embryos (Fig. 34).
The resulting VI21N:GFP minigene was injected into B6 mouse
embryos, and several lines of FADD /" VI2IN:GFP mice were
generated. The previously described FADD """ WT:GFP trans-
genic mice were used as controls (35). Genotyping was per-
formed by Southern blotting analyses using mouse tail tissue
DNA. The presence of wild type and mutant FADD:GFP fusion
minigenes were detected as a 5.4-kb DNA band, distinguishable
from the endogenous (WT, 4.7 kb) and the knock-out (K/O, 5.1
kb) alleles of FADD (Fig. 3B).

The expression of FADD WT:GFP, R117Q:GFP, and V121N:
GEFP fusion proteins in FADD /" mice were analyzed by flow
cytometry. As shown in Fig. 3C, splenocytes and lymph node
cells from minigene-containing mice uniformly express wild
type and mutant FADD:GFP, as indicated by a single GFP™
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FIGURE 3. The physiological impact of FADD DD mutations was determined by functional reconstitution
of FADD knock-out (FADD~/~) mice. A, diagrams of the wild type FADD (FADD WT) and FADD:GFP fusion
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out mice (FADD ™ ”") are embryonic
lethal, and this defect can be cor-
rected completely by the presence
of the FADD WT minigene in
FADD™’~ mice (32, 35). The recon-
stituted FADD ™"~ WT mice are via-
ble and do not have apparent
defects. To determine the physio-
logical impact of the R117Q muta-
tion, we crossed the R117Q mutant
minigene into FADD ™~ mice. This
was achieved by crossing FADD /™
RI117Q mice with FADD"/™ mice.
The resulting FADD*'~ RI117Q
mice were then crossed with
FADD"™ mice, and the offspring
were genotyped by Southern blot-
ting and PCR (Fig. 3B and data not
shown). Unexpectedly, analyses of
multiple lines of mice failed to
detect the presence of the FADD ™/~
R117Q genotype among the 215
postnatal mice genotyped. This
result suggests that FADD 7/~
R117Q died before birth and that
the R117Q mutation disrupted a
function of FADD essential for
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minigenes containing exon 1and 2. The R117Q and V121N mutations were introduced into FADD:GFP, and the

resulting mutant minigenes were injected to B6 embryos to generated transgenic mice. B, genotyping by
Southern blotting detected the presence of the endogenous (WT; 4.7 kb) and knock-out (K/O; 5.1 kb) FADD
alleles as well as WT and mutant FADD fusion minigenes (5.4 kb). C, WT and mutant FADD:GFP fusion proteins
expressed from minigenes were detected by flow cytometry as a single GFP-positive peak in a cytometric
histogram. D, Western blotting was performed to detect the WT and mutant FADD proteins (26 kDa) and those
fused to GFP (56 kDa). E, ubiquitous expression of the WT and mutant FADD:GFP in whole E15.5 embryos and

neonates was visualized by fluorescent stereomicroscopy.

peak in the flow cytometric histograms. In Western blot analy-
ses of splenocytes and lymph node cells, the wild type and
mutant FADD:GFP proteins were detected as a 56-kDa band,
distinct from the 27-kDa endogenous FADD protein (Fig. 3D).
The FADD:GFP fusion protein is ubiquitously expressed in
embryos and newborn mice, which was readily visualized using
a fluorescent stereomicroscopy (Fig. 3E). In vitro overexpres-
sion of FADD by transient transfection reportedly resulted in
cell death (18). The FADD™'* FADD WT and FADD™’*
WT:GFP mice are viable and have no abnormality. These
results suggest that elevated FADD expression beyond the
endogenous level of FADD and the presence of GFP have no
major effect on embryonic and postnatal development in mice
(data not shown). Mice expressing the mutant FADD proteins
(FADD""" VI2IN, FADD"'* VI2IN:GFP, and FADD*"*
R117Q:GFP) also have no apparent defects, indicating that the
mutant proteins do not interfere with the function of the
endogenous FADD. The data to follow are all obtained from
mice carrying wild type or mutant FADD fused to GFP. To
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embryonic development. Similar
analyses were performed to further
determine the effect of the V121N
mutation by using mice carrying
VI2IN:GFP. The FADD/~ VI2IN
genotype was not present in postna-
tal mice. These results indicate that
the R117Q and V121N mutations of FADD DD result in embry-
onic lethality.

The FADD DD Mutants Failed to Support Normal Onto-
genesis—The FADD ™"~ embryos are present with the expected
Mendelian genetic ratio before embryonic day (E) 9.5 and grad-
ually decrease in number thereafter. The few FADD /"~
embryos isolated at E12.5 have obvious defects as indicated by
the smaller size and a lack of the fetal liver and erythropoiesis.
(Fig. 4A). To determine whether the R117Q mutant protein
retains a partial function, FADD™'~ mice were mated with
FADD™"~ R117Q mice for timed pregnancy analyses. Southern
blotting and PCR were performed to determine the genotypes
of embryos of various stages (Fig. 4, B and C). The FADD /"~
R117Q embryos were present at day 12.5 (Fig. 4, A and B). The
E12.5 R117Q mutant appeared to be normal and similar in size
to control FADD WT embryos and contained the developing
fetal liver (Fig. 44). However, the mutant embryos exhibited a
slower heart rate compared with control embryos. At E13.5 the
R117Q mutant embryos were smaller in size than control
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FIGURE 4. The R117Q mutation resulted in defective embryonic develop-
ment. A, FADD"’~ mice were crossed with FADD*/~ R117Q:GFP mice. Preg-
nancy was timed, and embryos of various developmental stages were iso-
lated for stereomicroscopic analysis. Genotypes of embryos were determined
by Southern blotting (B) and PCR (C), proteins were extracted from whole
embryos, and wild type and mutant FADD:GFP proteins expression in
embryos were confirmed by Western blotting (D). K/O, knock out.

FADD WT embryos and had no visible fetal liver or erythropoi-
esis (Fig. 4A4). Therefore, it is evident that the R117Q mutant
embryos die between E12.5 and E13.5. To ensure that R117Q
mutant protein is expressed during embryogenesis, Western
blotting analysis was performed using embryonic tissues. As
shown in Fig. 4 D, embryos of the FADD"'~ R117Q genotype
contain both the endogenous FADD (27 kDa) protein and the
fusion protein (56 kDa), whereas embryos of the FADD /"~
R117Q genotype express only the fusion protein. Timed preg-
nancy analyses were also performed with VI2IN mutant mice.
Embryos were isolated and genotyped by Western blotting and
PCR (Fig. 5). At E14.5, the FADD ™/~ VI2IN embryos appeared
normal (Fig. 5A4). However, no live FADD ™/~ VI12IN embryos
were detected after E16.5. These results confirmed that the DD
of FADD is essential for mouse development as mutations at
either Arg-117 or Val-121 blocked mouse development.

The VI2IN Mutation of FADD Affected Lymphocyte
Development—Because of the embryonic lethality phenotype,
the impact of R117Q and V121N mutations on lymphocyte
development and proliferation responses could not readily be
analyzed. Therefore, we performed fetal liver adoptive transfer
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FIGURE 5. The V121N mutation led to defective embryonic development.
A, FADD*'~ mice were crossed with FADD™/~ V121N:GFP mice. Pregnancy
was timed, and embryos of various developmental stages were isolated for
stereomicroscopic analysis. The FADD protein expression was determined by
Western blotting (B), and embryos were genotyped by PCR (C). K/O, knock
out.

experiments using NOG (NOD.Cg-Prkdc*“® 112rg"""¥7/Sz])
mice as hosts. NOG mice lack T cells, B cells, or functional NK
cells and are deficient in cytokine signaling, which allows sig-
nificantly improved engraftment (56). Timed pregnancies were
set up, and E12.5 embryos were isolated and genotyped as
shown in Fig. 4. The fetal liver was isolated from R117Q mutant
embryos and injected into host mice. Although control fetal
livers cells isolated from FADD ™"~ embryos, which contain one
allele of the endogenous FADD successfully reconstituted the
lymphoid system in NOG hosts, R117Q mutant fetal liver cells
failed to do so (data not shown). This indicates that the R117Q
mutation resulted in a loss of a FADD function essential for
lymphopoiesis.

To determine the effect of the V121N mutation on lympho-
cyte development and functions, adoptive transfer of fetal liver
cells was performed with E14.5 embryos. Twelve weeks after
adoptive transfer, recipients were sacrificed, and the thymus,
spleen, lymph nodes, peripheral blood, and bone marrow were
isolated. CD4 and CD8 staining and subsequent flow cytomet-
ric analyses revealed that CD4"CD8* double-positive and
CD4™" or CD8" single-positive T cells were present in the
mutant thymus (Fig. 6). However, a 10-fold decrease in total
thymocyte numbers was observed in mice reconstituted with
FADD’~ VI2IN fetal liver cells when compared with mice
reconstituted with control FADD™~ VI2IN fetal liver cells
(data not shown). Peripheral CD4" and CD8" T cells were
present in the spleen and lymph nodes of V121N chimeras (Fig.
6 and data not shown). However, the total T cell numbers in the
V121N mutant spleen were less than half those in the control
spleen (data not shown). This indicates the VI2IN mutation
resulted in reduced generation of T cells from fetal liver precur-
sors. The peripheral T cell and B cell ratios were analyzed by
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FIGURE 6. The effect of the V121N mutation on peripheral lymphocyte
production. Fetal liver cells isolated from FADD "/~ V121N control (left) and
FADD™’~ V121N mutant (right) embryos were adoptively transferred to NOG
hosts. Twelve weeks post-transfer, thymic, splenic, and lymph nodes T and B
cells were analyzed by staining for CD3, CD4, CD8, B220, IgM, and IgD. Num-
bers indicate the percentages of each population.
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FIGURE 7. Defects in bone marrow B linage cells due to the V121N muta-
tion. Similar to Fig. 6, bone marrow cells were isolated from NOG hosts trans-
ferred with FADD*”~ V121N control and FADD ™/~ V121N mutant fetal liver
cells. After staining for CD43, B220, IgM, and IgD, bone marrow cells were
analyzed by flow cytometry.

staining spleen and lymph node cells for CD3 and B220. As
shown in Fig. 6, the ratios between CD3™" T cells and B220" B
cells were not affected by the V121N mutation. To further ana-
lyze peripheral B cells, splenocytes were stained for surface IgD
and IgM. The percentages of immature IgM " IgD'® and mature
IgD"IgM ™" B cells in FADD ”~ VI2IN spleens were not dra-
matically reduced as compared with those in control FADD ™"~
V121N mouse spleens (Fig. 6). However, the total cell numbers
of B cells were reduced 2-fold in FADD™”~ VI2IN mice, as
compared with control FADD™~ VI2IN mice (data not
shown). These results indicate that the V121N mutation leads
to compromised generation of peripheral B cells.

To determine the effect of the VI2IN mutation on early B
cell development, we performed flow cytometric analyses of
bone marrow B lineage populations by staining for CD43, B220,
IgM, and IgD. In V121N mutant mouse bone marrow, we con-
sistently detected a decrease in the percentages of pro-B cells
(B220'°CD43™"), combined pro- and pre-B cells (B220' IgM ),
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shown in Fig. 84, VI2IN T cells
had greatly diminished proliferative
responses when compared with
control wild type FADD-expressing
T cells. Purified peripheral B cells
were induced to proliferate by stim-
ulation of the B-cell receptor with
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FIGURE 8. The effect of the FADD DD mutation, V121N, on lymphocyte proliferation and apoptosis.
Peripheral T and B cells were isolated from NOG hosts transferred with FADD™~ V121N control and FADD "~
V121N mutant fetal liver cells and treated with the stimulants indicated. At 40 h after stimulation, cells were
pulsed with [*H]thymidine (A-E). Proliferation was indicated by the amount of incorporated thymidine. At 16 h
after stimulation with FasL, apoptosis was determined by propidium staining and flow cytometry (F).

immature B cells (B220' IgM ™), and re-circulating mature B
cells (B220"IgM™; Fig. 7). Double staining for IgD and IgM also
confirmed that the V121N mutation lead to reduced numbers
of immature B cells (IgM "IgD ") and re-circulating mature B
cells (IgM*1gD™) in the bone marrow (Fig. 7).

The V12IN Mutation Leads to Impaired Proliferation with-
out Affecting Apoptosis in Lymphocytes—Although reduced in
number, mature T cells and B cells are present in VI2IN
mutant chimeras. To analyze the effect of the V121N mutation
on T cell proliferation responses, peripheral T cells were puri-
fied and treated with anti-CD3 antibodies to stimulate the T cell
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Fas ligand (ng/ml)

performed site-directed mutagene-
sis and functional reconstitution to
identify domains which mediate
distinct signals. To this end the DD
of FADD was chosen as the target
for mutations, as it has been shown
to interact directly with the DDs of
Fas and TRADD. Attempts have been made by others to under-
stand the protein interaction interface present in the DD of
FADD. Residues including Arg-110, Lys-113, Arg-117,
Glu-118, Val-121, Glu-123, Lys-125, Arg-142, Lys-146,
Arg-166, and Asp-175 of the DD of FADD were suggested to be
essential for binding of FADD to Fas (18, 49, 53). Therefore,
mutations targeting these residues presumably render FADD
incapable of binding to Fas and TRADD. Among the residues
mutagenized in our previous and current studies, Arg-117
appeared to be critical for DR-induced apoptosis, as R117A and
R117Q mutations disrupt binding to Fas and TRADD and abol-
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FIGURE 9. Amodel for the functional domains of FADD. The DED at the NH,
terminus binds to the DED of caspase 8 and cFLIP. The DD of FADD interacts
with the DD of Fas and TRADD, which is blocked by the R117Q mutation. The
sequence in the proximity of Arg-117 and V121N may represent an interface
contacting a novel protein (X?), which is critical for mouse development. The
phosphorylated Ser-191 is indicated.

ish apoptosis induced by Fas and TNF (Figs. 1 and 2) (21).
Therefore, the DD of FADD is critical for mediating apoptosis,
and the Arg-117 residue localized within a-helix 2 of the DD of
FADD likely represents a point of contact with Fas and TRADD
(Fig. 9).

The function of FADD in embryos is poorly understood. To
date it is unclear whether multiple FADD-mediated apoptotic
signaling pathways play an indispensable role in mouse embry-
ogenesis. The absence of a single DR has no discernable effect
on mouse development (8, 9, 11, 45). Mice lacking both Fas and
TNE-R1 have no developmental abnormality (46, 47). Alterna-
tively, a DR-independent function of FADD may be essential
for mouse development. Analyses of these possibilities was
facilitated by using two FADD DD mutants, R117Q and V121N
in functional reconstitution assays in FADD ™~ mice (Fig. 3).
The FADD:GFP minigene restored normal development in
FADD ™"~ mice lacking the endogenous FADD (35). However,
the R117Q mutant only allowed development of FADD "~
embryos to proceed for an additional 2 days (Fig. 4). The R117Q
mutant protein is expressed in embryos as indicated by the
presence of the fused GFP visualized by fluorescent stereo
microscope as well as by Western blotting of embryo
extracts (Fig. 4). This result appears to indicate that multiple
FADD-dependent apoptotic signaling pathways are required
for embryogenesis, which is blocked by the R117Q mutation.
However, the Fas”’-like FADD mutant V121N, which
retains normal binding to Fas and TRADD and is fully func-
tional in DR-induced apoptosis, was also unable to restore
normal embryogenesis in FADD /~ mice (Figs. 2 and 5).
Therefore, in total these data argue that the DD of FADD has
a dual function that is essential for DR-induced apoptosis as
well as for mouse development, which could not be readily
uncoupled by point mutations.

A lack of FADD results in developmental blockage at E9 to
E10 of gestation. The R117Q mutation results in a nearly com-
plete loss of function mutation, as it leads to death between E12
and E13 and poor development of the fetal liver (Fig. 4). In
contrast, the V121N mutant embryos survive up to E15 (Fig. 5),
and fetal liver cells were readily isolated, allowing hematopoi-
etic engraftment in immunodeficient NOG host mice. Whereas
wild type FADD-expressing fetal liver cells readily reconsti-
tuted the lymphoid system of NOG mice, V121N fetal liver
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progenitors are defective in lymphopoiesis in host mice. This
mutation resulted in reduced number of T cells and B cells
(Figs. 6 and 7 and data not shown). V121N T cells have reduced
proliferation in response to T cell antigen receptor stimulation,
and V121N B cells are defective in proliferation induced by the
stimulation of TLR3 and TLR4 with double-stranded RNA and
lipopolysaccharide, respectively (Fig. 8). These proliferation
defects caused by a point mutation in FADD DD are reminis-
cent of those exhibited by FADD-deficient T cells and B cells
(34, 35). However, a lack of FADD or the R117Q mutation
resulted in defective apoptosis, whereas the V121N mutation
had no effect on lymphocyte apoptosis (Fig. 8F and data not
shown). Therefore, using these two hypomorphic mutants of
selective loss of function, we demonstrated that the FADD DD
has dual functions in DR-induced cell death as well as non-apo-
ptotic signaling essential in lymphocyte development and
proliferation.

The DD defines a novel protein-protein interaction motif
that is present in pro-apoptotic proteins including DRs and the
adaptors FADD and TRADD. Additional proteins including
MyD88, IRAK4, and NF-«B also contain DD-like domains but
are not known to directly participate in DR-induced apoptosis
(57, 58). Overexpression of a fragment of FADD that contains
the DD but not the DED blocks apoptosis, possibly by compet-
ing with the endogenous FADD for binding to Fas (16, 18).
However, this dominant negative FADD mutant also inhibits T
cell proliferation (39-41), indicating that the DD of FADD
binds to additional proteins (Fig. 9). The Arg-117 residue is
located toward the carboxyl terminus of a-helix 2, and V121N
is within the turn between a-helix 2 and 3 (Figs. 1 and 9). Our
results imply that sequences within the proximity of Arg-117
and Val-121 interact with a novel protein(s), which is essential
for unique signaling pathways required during development.
Perhaps the DD of FADD acts as a bifunctional switch where
FADD could determine whether death or proliferative signals
are transmitted depending on upstream signals or cues. The
hypomorphic FADD R117Q and VI21IN mutants will facilitate
further analysis of the novel pathways mediated by FADD.
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