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Fas-mediated apoptosis and
activation-induced T-cell
proliferation are defective in
mice lacking FADD/Mort1
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Programmed cell death, or apoptosis, is important in homeostasis
of the immune system: for example, non-functional or auto-
reactive lymphocytes are eliminated through apoptosis. One
member of the tumour necrosis factor receptor (TNFR) family,
Fas (also known as CD95 or Apo-1), can trigger cell death and is
essential for lymphocyte homeostasis"?. FADD/Mort1 (refs 3—6)
is a Fas-associated protein that is thought to mediate apoptosis by
recruiting the protease caspase-8 (refs 7, 8). A dominant-negative
mutant of FADD inhibits apoptosis initiated by Fas and other
TNFR family members**~". Other proteins, notably Daxx, also
bind Fas and presumably mediate a FADD-independent apoptotic
pathway”. Here we investigate the role of FADD in vivo by
generating FADD-deficient mice. As homozygous mice die in
utero, we generated FADD ™'~ embryonic stem cells and FADD ™~
chimaeras in a background devoid of the recombination activat-
ing gene RAG-1, which activates rearrangement of the immuno-
globulin and T-cell receptor genes. We found that thymocyte
subpopulations were apparently normal in newborn chimaeras.
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Fas-induced apoptosis was completely blocked, indicating that
there are no redundant Fas apoptotic pathways. As these mice age,
their thymocytes decrease to an undetectable level, although
peripheral T cells are present in all older FADD ™~ chimaeras.
Unexpectedly, activation-induced proliferation is impaired in
these FADD ™™ T cells, despite production of the cytokine inter-
leukin (IL)-2. These results and the similarities between FADD '~
mice and mice lacking the B-subunit of the IL-2 receptor suggest
that there is an unexpected connection between cell proliferation
and apoptosis.

To generate FADD-deficient mice we replaced the first exon of
FADD with a neomycin-resistance (neo) gene (Fig. la). Hetero-
zygous mutant embryonic stem (ES) cells were identified by South-
ern blot analysis (Fig. 1b), and FADD"™ mice were produced from
three FADD™™ ES lines. Interbreeding of these mice, however,
yielded only heterozygous and wild-type mice in a 2:1 ratio.
Subsequent studies established that FADD™~ embryos die at
around day 9 of gestation (data not shown), indicating that
FADD is essential for embryonic development.

Because Fas is necessary for homeostasis in the immune system,
we sought to investigate the effect of FADD deletion in lymphoid
organs. However, this can not be examined directly because FADD ™
mice die in utero. We therefore made FADD ™™ ES cells and injected
them into C57BL/6-RAG-1""" (B6-RAG-17") blastocysts to generate
FADD™" chimaeras'®. Homozygous FADD ™'~ ES cells were obtained
by subjecting FADD™ ES cells to a high level of G418 selection!”
(Fig. 1b). Complete absence of FADD protein was confirmed by
western blot analysis (Fig. 1c). Because these ES donor cells
originate from 129/Sv strain (agouti colour) and host blastocysts
originate from B6-RAG-1""" mice (black), chimaeras were readily
identified by coat colour. By this means we generated 20 viable
chimaeras. All mature lymphocytes in these FADD ™'~ —
RAG-1"'" chimaeras (designated FADD™") are derived from
FADD™™ ES cells because RAG-1""" mice are not capable of produ-
cing any B or T cells'®. An antibody for the allelic Ly9.1 antigen
provides another means of distinguishing the donor (129/Sv mice
are Ly9.1") from the host cells (B6 mice are Ly9.17). Tissue Southern
blot analysis confirmed the contribution of FADD™™ ES cells in
many organs and tissues (data not sown).
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Figure 1 Targeted inactivation of the gene encoding FADD/Mort1 in ES cells and
in mice. a, A restriction map of the murine FADD locus is shown (filled boxes
denote exons)®. A schematic representation of the FADD targeting construct is
shown underneath. b, Generation of FADD-deficient ES cell clones. Heterozy-
gous ES cell clones were identified by Southern blots with 5’ probe which detects
a 7.2-kilobase (EcoRI-EcoRV) wild-type allele and a 6.4-kb mutant allele. Two
FADD™" clones, FC10.A1 and EE6.E7, were obtained after further G418 selection”.
They contain only the mutant alleles.J1is the parental wild-type ES cell for FC10. ¢,
The absence of FADD protein in FADD™" lines was confirmed by western blot
analysis using anti-FADD antibodies®.
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We analysed the cellular profile of thymi from FADD™" chi- 129/5v x B6 RAG-1-/- FADD /-
maeras. Thymic cellularity of newborn to 5-week-old FADD™~ 4 days 6 89
chimaeras (10.8 * 2.3 X 10%, n=7) is not significantly greater ] i
than that of RAG-1"7" mice (9.3 + 2.9 X 10°, n = 5). However,
RAG-17"" chimaeras reconstituted with the wild-type ES cells have
a similar number of thymic cells to wild-type mice. Thus FADD ™~
donor ES cells seem to be inefficient in reconstituting and/or
maintaining thymic cellularity. T-cell development in RAG-17"
mice is blocked at the CD4 CD8" stage'® (Fig. 2). In contrast,
newborn and 4-day-old FADD ™" chimaeras have thymocyte subsets
resembling those of wild-type mice (Fig. 2). All CD4'CD8" double-
positive and single-positive cells are Ly9.1", confirming their ES cell
origin. As the chimaeras age, however, the population of FADD ™"
thymocytes greatly diminishes. By five weeks, few or no double-
positive thymocytes remain (Fig. 2). Nevertheless, the mature
Ly9.1" T lymphocytes (CD3") are present in peripheral organs
(Fig. 3).

It is possible that the disappearance of thymocytes over time
could result from an intrinsic survival defect of FADD™" cells.
Alternatively, FADD ™'~ cells might cause some physiological changes
in the thymus, such as production of cytotoxic cytokines. This latter
possibility is unlikely because chimaeras in wild-type background
(FADD™'~ — B6) have a normal number of host Ly9.1”
thymocytes. FADD™~ thymocytes seem to die faster in vitro than
their wild-type counterparts (data not shown), suggesting that
FADD™" thymocytes have an intrinsic defect.
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Figure 2 Flow cytometric analysis of thymocytes from wild-type 129/Sv X B6, p

RAG-177,FADD™"t0RAG-1~"(FADD™"), and FADD"/* to RAG-1~~(FADD"*) mice.
Thymocytes from mice with ages indicated were analysed with anti-CD4 and anti-
CD8 antibodies. The percentage of each populationisindicated in each quadrant.
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Figure 3 Flow cytometric analysis of peripheral lymphocytes. a, Lymph-node
cells of 129/Sv x B6, RAG-17"~, FADD™~ and FADD*"* mice were stained for CD4
and CD8. The ages of the mice are indicated. b, Peripheral lymphocytes were
examined for the T-cell receptor CDS3. ¢, Splenocytes from mice 5.5 months old
were stained for B220 and Thy1.2. d, Examination of the peripheral T-cell activa-
tion marker CD69. e, Splenocytes of mice 5 weeks old were stained for IgM® and
IgD? which are specific for donor cells. Lymph-node cells for mice 3.5 months old
were stained for macrophages and granulocytes (Mac-1°).
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In contrast to the thymus, FADD™ mice contain large numbers
of T cells in peripheral lymphoid organs. The total number of
FADD™" splenocytes (23.4 + 9.6 X 10°, n = 8) is reduced roughly
twofold compared with that of the wild-type counterparts
(54.5 = 13.1 X 10%, n = 7); RAG-1""" mice have fewer splenocytes
(8.73 3.1 X 10°, n=6). The lymph-node cell number of
FADD™™ mice is similar to that of wild-type mice (FADD™",
283 £8.6X10° n==6; wild type, 36.4=*3.7X10° n=>5;
RAG-17", 4.7 + 3.1 X 10°, n = 4). Single-positive (CD3") T cells
are present in both FADD ™™ lymph nodes (Fig. 3a, b) and spleens.
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Figure 5 T-cell proliferation and death and IL-2 secretion assay. a, Lymphocytes
from FADD*'* (white bars) and FADD™~ (black bars) mice 3.5 months old were
treated with anti-CD3 antibody or concanavalin A. Proliferation was monitored by
[*H]thymidine incorporation. The experiment was done in triplicate. Similar
results were observed with mice two weeks old. b, Cell viability of anti-CD3
stimulated lymph-node T cells (Thy1.2") was followed by staining with 7-amino-
actinomycin D and flow cytometry as described®. +/+, squares; -/ -, diamonds.
¢, IL-2 production from stimulated splenocytes was determined by CTLL-2
survival and MTT assay. d, Unstimulated (top) or stimulated (bottom) lymph-
node cells were stained for CD25 and splenocytes for CD122.
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Fas mutant mice develop lymphadenopathy and splenomegaly as
a result of the accumulation of an abnormal T-cell population
(CD3"Thy1"B220"CD4™D8") in the periphery'. This population
was not detected in FADD™™ mice 3 to 5.5 months old (Fig. 3c¢).
Most of the FADD™™ mature T cells express the early activation
marker CD69 (Fig. 3d). The levels of the activation markers CD44
and the a-subunit of the interleukin-2 receptor (IL-2Ra or CD25)
are similar to those found in wild-type mice (see below and data not
shown).

For the B-cell compartment, cells were stained for B220 and for

Figure 4 Fas-mediated cell death is blocked in the absence of FADD. Thymocytes
from FADD*'* (open squares) and FADD ™'~ (filled diamonds) mice 4 days old were
incubated with increasing concentrations of the anti-Fas antibody Jo2 in the
presence of cycloheximide as described?®. Viability was determined by propidium
iodide exclusion. Values are averages of duplicates. The same analysis was
performed on mice 1 and 2 weeks old with similar results.
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IgM? and IgD?, which are allele-specific for the 129/Sv strain, to
distinguish donor from host cells. Strikingly, FADD ™~ chimaeras do
not contain detectable levels of Ly9.1"B220"IgM*IgD*B cells in
either bone marrow or spleen (Fig. 3¢, e), which may indicate
that deletion of FADD leads to a blockage of B-cell development.
Using Ly9.1 as a donor cell marker, we examined other haemato-
poietic cells in FADD ™~ chimaeras. Macrophages and granulocytes
(Ly9.1"Mac-17) are present in FADD ™™ mice (Fig. 3e). The high
proportion of Ly9.1"Mac-1* cells in these FADD ™'~ mice is probably
due to the absence of B lymphocytes.

Proteins other than FADD have also been reported to bind to
Fas'>!*~*'. Expression of one of these Fas-interacting proteins, Daxx,
potentiates Fas-induced apoptosis in an apparently FADD-
independent manner, suggesting that there are parallel apoptotic
pathways downstream of Fas". To investigate this, we incubated
FADD™" thymocytes with an agonist anti-Fas antibody*. Both
thymic and peripheral T cells in FADD™™ chimaeric mice express
Fas at a high level, comparable to that of wild-type T cells (data not
shown). Wild-type thymocytes are killed in a dose-dependent
manner (Fig. 4). In contrast, thymocytes from FADD ™™ mice are
completely resistant to the cytotoxic effect of anti-Fas antibody.
Thus FADD is an essential mediator of Fas-induced apoptosis and
there is unlikely to be a parallel apoptotic pathway downstream of
Fas. Although thymocytes are less sensitive to TNF-mediated
apoptosis (twofold effect)?, our results also showed that FADD ™~
thymocytes are more resistant to this than their wild-type counter-
parts (data not shown).

The absence in FADD™™ mice of lymphoproliferative disease and
the T-cell population characteristic of Fas mutant mice may result
from a defect in the activation and proliferation of T cells. To
examine this possibility, peripheral lymphocytes of age-matched
wild-type and FADD™™ mice were stimulated with an anti-CD3
antibody or concanavalin A (Con A). Wild-type T cells proliferated
extensively, whereas FADD ™~ peripheral T cells did not (Fig. 5a).
The lack of proliferation is not due to the death of FADD ™"
peripheral T cells during stimulation, as no differences in cell
viability were observed between wild-type and mutant cells
(Fig. 5b).

To establish whether the reduced proliferation of FADD™™ T cells
results from the lack of IL-2 production or unresponsiveness to 1L-2,
we assayed for the secretion of IL-2. After stimulation, FADD ™" cells
produced wild-type levels of IL-2, as shown by bioassay and
enzyme-linked immunosorbent assay (ELISA) (Fig. 5c¢ and data
not shown). Freshly isolated mutant T cells have normal levels of
IL-2Ra (CD25) and IL-2RB (CD122) (Fig. 5d, top). Activation of T
cells leads to a dramatic induction of CD25 expression in both wild-
type and mutant T cells (Fig. 5d, bottom). Thus FADD™™ T cells fail
to proliferate despite there being normal levels of IL-2R and IL-2
production.

We have shown that in vivo FADD is essential for Fas-induced
apoptosis and that there is no parallel Fas apoptotic pathway. As
mice with mutations in either Fas or TNF-R1 are viable, we were
surprised to find that deletion of FADD leads to embryonic lethality.
Because other apoptotic receptors can interact with FADD'*", their
function may be necessary during embryogenesis. Alternatively,
FADD may be involved in other signalling pathways required for
development and proliferation, as FADD seems to be required for T-
cell proliferation. Although these phenotypes could arise from
abnormal T-cell development in the absence of FADD, we believe
that they reflect direct roles of FADD in vivo. Several characteristics
of FADD-deficient chimaeras are strikingly similar to those of IL-
2RB-deficient mice®, including the defect in T-cell proliferation in
response to IL-2, a higher percentage of CD69" T cells, and age-
dependent disappearance of thymocytes®. These data suggest that
FADD is involved in cytokine signalling. IL-2 is implicated in T-cell
apoptosis®® as well as being involved in proliferation. Production
of IL-2 in response to T-cell receptor stimulation leads to proliferation
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as well as sensitization to Fas-mediated apoptosis™?. Further studies
are required to show how FADD mediates distinct pathways of death
and growth, and the molecular relationship between them. [l
Methods

Generation of FADD™'~ mice and RAG-17'~ chimaeras. FADD"" and
FADD™™ ES cells and mice were generated as described”. Chimaeras were
analysed by flow cytometry using monoclonal antibodies (Caltag and Phar-
Mingen).

IL-2 secretion and proliferation assay. Splenocytes or lymph-node cells were
stimulated with anti-CD3 ascites (1:3,000 dilution) or PMA (5ng ml™) and
ionomycin (A23187, 60 ng ml™) orCon A (5 g ml™). After 14 h incubation at
37°C, cells were collected, and expression of the a and B subunits of the IL-2
receptor was examined by flow cytometry. To determine IL-2 concentration,
the culture supernatants were diluted and assayed by CTLL-2 proliferation
bioassay using MTT (3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyltetrazolium
bromide). For proliferation assay, lymph-node cells or splenocytes were seeded
in 96-well culture dishes (2 X 10°ml~"'). Anti-CD3 ascites, PMA plus iono-
mycin, or Con A was added as described above. After 48 h incubation at 37 °C,
[’H]thymidine (1 wCi) was then added to each sample. [*H]Thymidine
incorporation was quantified 12 h later.
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Genetic instability was one of the first characteristics to be
postulated to underlie neoplasia’™. Such genetic instability
occurs in two different forms. In a small fraction of colorectal
and some other cancers, defective repair of mismatched bases
results in an increased mutation rate at the nucleotide level and
consequent widespread microsatellite instability*””. In most col-
orectal cancers, and probably in many other cancer types, a
chromosomal instability (CIN) leading to an abnormal chromo-
some number (aneuploidy) is observed®. The physiological and
molecular bases of this pervasive abnormality are unknown. Here
we show that CIN is consistently associated with the loss of
function of a mitotic checkpoint. Moreover, in some cancers
displaying CIN the loss of this checkpoint was associated with
the mutational inactivation of a human homologue of the yeast
BUBI gene; BUBI controls mitotic checkpoints and chromosome
segregation in yeast. The normal mitotic checkpoints of cells
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Figure 1 Analysis of the cell cycle of MIN and CIN cells. MIN (HCT 116, DLD1, and
RKO) and CIN (SW480, V400, and HT29) cells were treated with nocodazole or
colcemid for 18 h, stained with Hoechst 33258, a DNA-specific dye, and analysed
by flow cytometry. 2’ and 4’ refer to the DNA contents of each cell line in G1 and
G2/M phases, respectively.
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displaying microsatellite instability become defective upon trans-
fer of mutant hBUBI alleles from either of two CIN cancers.
The key insight leading to the discovery of the molecular basis of
microsatellite instability (MIN) in human tumours was the dis-
covery of a similar phenotype in Saccharomyces cerevisiae cells
carrying mutations in yeast mismatch repair (MMR) genes’. Fol-
lowing this paradigm, we reasoned that the basis for CIN in human
tumour cells might be mitotic checkpoint defects similar to those
previously observed in yeast cells with chromosomal instability'*~"2.
Cells with such defects are expected to exit mitosis prematurely after
treatment with microtubule-disrupting agents'". To test this
hypothesis in human colorectal cancer cells, we treated four MIN
lines (HCT116, DLD1, RKO, and SW48) and six CIN lines (SW480,
HT29, V400, V429, Caco2, and SW837) with nocodazole, a micro-
tubule-disrupting drug. As expected, all lines achieved nearly
complete cell-cycle blocks shortly after nocodazole treatment,
with DNA contents of 4C (with 2C representing the DNA content
in the G1 phase of the cell cycle, before DNA replication has
occurred; representative examples are shown in Fig. 1). Morpho-
logical analysis of the 4C blocked cells, however, revealed a striking
difference between MIN and CIN cells. All MIN cell lines had a
normal checkpoint response, resulting in an accumulation of cells
with condensed chromosomes characteristic of a sustained mitotic
block. In the CIN lines, there was an abnormal response, with many
fewer mitotic cells and no clear peak in mitotic index observed at
any time point (Fig. 2a). The response of MIN cells was character-
istic of those with intact mitotic checkpoints”, and a similar
response was observed in normal human fibroblasts (Fig. 2a).
Consistent differences in mitotic indices were also observed in
CIN cells versus MIN cells after treatment with colcemid (Figs 1 and
2b), an agent that blocks microtubules through a different mech-
anism from that of nocodazole. This defect was further established
by the higher fraction of CIN cells that synthesized DNA during
nocodazole or colcemid treatment (Fig. 2¢). There was little overlap
between the responses observed in MIN and CIN cells in these
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Figure 2 Mitotic indices and DNA synthesis in MIN and CIN cells. Cells were
treated with nocodazole (a) or colcemid (b) for the indicated times, stained with
H33258, and analysed by fluorescence microscopy. ¢, BrdU was added to the
nocodazole- or colcemid-treated cultures 2.56h before collection. The bars
represent the percentage reduction in BrdU incorporation compared with
untreated cells, assessed using an antibody to BrdU. At least 200 cells were
counted for each determination and the result shown is representative of those
observed in three independent experiments.
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