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Cell Surface Trafficking of Fas:
A Rapid Mechanism of
p53-Mediated Apoptosis

Martin Bennett,* Kirsty Mécdonald, Shiu-Wan Chan,
J. Paul Luzio, Robert Simari, Peter Weissberg

p53 acts as a tumor suppressor by inducing both growth arrest and apoptosis.
p53-induced apoptosis can occur without new RNA synthesis through an unknown
mechanism. In human vascular smooth muscle cells, p53 activation transiently
increased surface Fas (CD95) expression by transport from the Golgi complex. Golgi
disruption blocked both p53-induced surface Fas expression and apoptosis. p53 also
induced Fas-FADD binding and transiently sensitized cells to Fas-induced apoptosis.
In contrast, Ipr and gld fibroblasts were resistant to p53-induced apoptosis. Thus,
p53 can mediate apoptosis through Fas transport from cytoplasmic stores.

p53 is the most commonly mutated gene in
human cancer (7). p53 is a sequence-specific
transcription factor, whose transcriptional
targets induce growth arrest and apoptosis
(2). Although its tumor suppressor function
requires both activities, some human tumor—
derived p53 mutants transactivate p53-re-
sponsive promoters and induce growth arrest,
implying that apoptosis is the more potent

mechanism (3). Depending on cell type, p53-
induced apoptosis either requires transcrip-
tional activation (4) or occurs without new
RNA and protein synthesis (5). The occur-
rence of mutants that transactivate p53 targets
but are defective for apoptosis (6), or vice
versa (7), suggests that p53 induces apoptosis
through transactivation-dependent and -inde-
pendent mechanisms, implying a structural
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and functional separation between the ability
to induce growth arrest or apoptosis.

We examined pS53-mediated apoptosis in
untransformed human vascular smooth
muscle cells (VSMCs) by expressing a con-
ditional allele of p53, p5S3ER™ (8), encod-
ing a chimeric full-length human p53 fused
to a 4-hydroxytamoxifen (4-OHT)-sensi-
tive estrogen receptor (9). 4-OHT addition
to pS3ER™ VSMCs rapidly activates p53
(10), caused translocation of perinuclear
p53 to the nucleus (Fig. 1, A and B), and
induced apoptosis (Fig. 1C), with apoptotic
morphology first appearing within 60 min.
Apoptosis was not inhibited by preincuba-
tion with actinomycin D (Act-D) or cyclo-
heximide (CHX) at concentrations that
completely block RNA or protein synthesis
(10) (Fig. 1D). Neither Act-D nor CHX
alone induced apoptosis (Fig. 1D), indicat-
ing that apoptosis of pS3ER™ VSMCs was
transcription-independent.

Apoptosis through Fas (CD95), a tumor
necrosis factor receptor (TNF-R) family
member, is rapid and independent of new
RNA or protein synthesis (/7). Fas ligand
(FasL)-Fas binding recruits an adapter mol-
ecule, FADD, through shared protein motifs
(“death domains™), with resultant caspase ac-
tivation leading to apoptosis. We therefore
analyzed Fas, FADD, and FasL expression
and Fas-FADD binding after p53 activation.
No increases in Fas, FADD, or FasL protein
were observed (Fig. 2A). However, FADD
coimmunoprecipitated with Fas 30 to 60 min
after p53 activation, but Fas-FADD binding
disappeared by 2 hours.

We next examined both surface and total
Fas expression in VSMCs. VSMCs expressed
little surface Fas, compared with Jurkat cells
(Fig. 2B), but total Fas (in permeabilized cells)
was much greater than surface expression, in-
dicating that Fas was predominantly intracellu-
lar (12). Fas immunocytochemistry demonstrat-
ed a compact, perinuclear distribution that co-
localized with the Golgi marker galactosyl
transferase (Fig. 2, C to H). Brefeldin A (BFA),
a protein-secretion inhibitor that redistributes
Golgi proteins to the endoplasmic reticulum
(ER) or near the microtubular organizing center
(13), disrupted Fas staining to produce an ER-
like pattern (Fig. 2E), with fluorescent spots
abutting the nucleus (Fig. 2E, inset). Thus, Fas
localized to the Golgi complex and trans-Golgi
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network. Subfractionation of VSMC homoge-
nates and protein immunoblotting confirmed
Fas in the Golgi-enriched fraction (Fig. 2I).

To examine p53 regulation of Fas distribu-
tion, we measured surface Fas by flow cytom-
etry after p53 activation. Activation of wild-

Fig. 1. (A and B) p53
translocates to the nu-
cleus upon activation
and induces apoptosis.
p53ER™ VSMCs were
stained with mouse IgG
to human p53 (500 ng/
ml) (#14211A, Pharm-
ingen) and FITC-conju-

—=- p5S3ER™ 4 4-OHT

gated anti-mouse IgG. D —o— P53ER™ 4 ACT-D + 4OHT
(A) Control. (B) Thirty —a— pS3ER™ + CHX + 40HT
minutes after 4-OHT -a- p53ER™

-o— p53ER™ 4+ ACT-D

addition. (C) p53ER™
—+— PS3ER™ + CHX

VSMCs 2 hours after

w
p53 activation, show- % ;21
ing membrane blebs 5 304
(white arrow) and ap- B
optotic body forma- E o
tion (black arrow). (D) & 15
p53ER™ VSMCs were 210
transferred to 0% fetal calf serum (FCS) medium and 100 nM § 5
4-OHT either alone or 1 hour after addition of Act-D (2 pg/ml) E oa —
or CHX (10 pg/ml). Cells were observed by videomicroscopy © © 4 8 12 16 20 24
and cumulative deaths were plotted against time (78). Hours
B Surface Total
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Fig. 2. (A) Effect of p53 on Fas-FADD binding. Protein immunoblots of lysates from p53ER™
VSMCs 0 to 120 min after 4-OHT addition were probed with mouse 1gG to human Fas (100 ng/ml),
FADD (1 pg/ml), or FasL (1 pg/ml) [#F22120 and #F36620 (Transduction Labs) and NOK-1
(#65320C, Pharmingen), respectively]. J, Jurkat cells. (Bottom row) Immunoprecipitation of Fas-
FADD complexes isolated O to 120 min after 4-OHT addition (79). (B) Flow cytometric analysis of
Fas in pS3ER™ VSMCs or Jurkat cells. Profiles obtained with mouse anti-Fas (CH-11, Upstate
Biotechnology) (black) are shown relative to an isotypically matched mouse IgM. (C to H) Golgi
complex localization of Fas in VSMCs. pS3ER™ VSMCs were stained with CH-11 (500 ng/ml) (C)
or a rabbit polyclonal antibody to Fas (500 ng/ml) (Fas Ab-1, Oncogene Research) (D), followed by
staining with FITC-conjugated anti-mouse or anti-rabbit IgG. Nuclei were counterstained with
propidium iodide. (E) Initial treatment with BFA (5 pg/ml) for 1 hour produced weak, punctate
cytoplasmic Fas staining, including at the microtubular organizing center (inset). (F to H) p5S3ER™
VSMCs were stained with Fas Ab-T and a mouse monoclonal antibody to galactosyl transferase,
then with Texas Red—conjugated anti-mouse IgG and FITC-conjugated anti-rabbit IgG. (F) Galac-
tosyl transferase (red), (G) Fas (green), (H) galactosyl transferase and Fas superimposed (overlap is
yellow). N, cell nuclei. (I} Subcellular localization of Fas. L, whole-cell lysate; H, homogenate after
mechanical disruption before centrifugation; N, nuclear fraction; G, Golgi-enriched fraction (20).
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flow cytometry. p53ER™ VSMCs were incubated
in BFA (5 pg/ml) (C), Act-D (2 pg/ml) (D), or CHX
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and cells were isolated over the subsequent 120
min. (F) For examination of total Fas expression,
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treated with 4-OHT, BFA, CHX, or Act-D for 60
min and permeabilized before Fas staining. (G and
H) Etoposide (5 puM) was added to p53ER™
VSMCs or VSM-E6 cells and surface Fas was
examined over 240 min. (1) 4-OHT was added to
p53ER™ rat 1 fibroblasts, and cells were isolated
over 120 min for surface Fas. (J) p5S3ER™ VSMCs
were examined for total TNF-R1 in permeabilized
cells (P) or surface TNF-R1 was examined 0 to
120 min after 4-OHT addition.

type (WT) but not a dominant-negative p53
(DN-p53ER™) (14) transiently increased sur-
face Fas (maximum 1 hour, baseline by 2
hours) (Fig. 3, A and B). Cells expressing the
ER™ vector alone were also ineffective. BFA,
but not Act-D or CHX, blocked p53-induced
increases in surface Fas (Fig. 3, C to E), al-
though Act-D or CHX alone did not increase
surface Fas. p53 activation, BFA, CHX, or
Act-D did not increase total Fas expression
(Fig. 3F) over 2 hours, indicating that p53
caused cell surface redistribution of cytoplas-
mic Fas.

To determine whether p53 that was induced
after DNA damage increased surface Fas, we
treated pS3ER™ cells or VSMCs expressing
human papilloma virus E6 [which lacks func-
tional p53 (10)] (VSM-E6 cells) with the topo-
isomerase II inhibitor etoposide. Etoposide
transiently increased surface Fas in pS3ER™
but not VSM-E6 cells (Fig. 3, G and H), albeit
delayed (maximum 2 hours, baseline by 4

hours) compared with 4-OHT activation.

4-OHT activation of p53ER™ in rat 1 fibro-
blasts (Fig. 3I) and WT mouse embryo fibro-
blasts (MEFs) also increased surface Fas, indi-
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Fig. 4. p53-induced apopto-
sis requires Fas and FasL. (A)
Wild-type, lpr, and gld
MEFs were transiently in-
fected with p53ER™, cells
were transferred to medi-
um containing 0% FCS and
4-OHT, and apoptosis was
observed by videomicros-
copy. (B) p53ER™ VSMCs

>
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5

stably expressing DN-FADD
or vector (Hygro) (27), or
cells infected with an ade-
novirus  encoding crmA
(Ad-crmA) (22) or B-galac-
tosidase (Ad-B-Gal) were
transferred to medium con-
taining 0% FCS and 4-OHT.
(C) p53ER™ VSMCs were
incubated in 0% FCS medi-
um. An agonistic I1gM anti-
body to Fas (CH-11) or iso-
typically matched control
mouse IgM (IgM control;
#M-5909, Sigma) (1 wg/

O

Cumulative apoptotic deaths
3
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ml) was added either si-
multaneously (IgM Fas) or
4 hours after 4-OHT addi-

1
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tion [IgM Fas (4 hours)]. In addition, p53ER™ VSMCs were incubated with CH-11 but without 4-OHT.
(D) p53ER™ VSMCs were incubated in medium containing 0% FCS and 4-OHT and an antagonistic
IgG1 antibody to Fas, antagonistic IgG1 antibody to FasL, or isotypically matched mouse 1gG (IgG
control) (all T pg/ml) [#F22120 (Transduction Labs), NOK-1 (#65320C, Pharmingen), and M-5284
(Sigma), respectively] added either simultaneously or 4 hours later. p5S3ER™ VSMCs were also
incubated with BFA (5 pg/ml ) 60 min before transfer to 0% FCS medium and 4-OHT.

cating that Fas trafficking may be widespread in
mesenchymal cells. Surface TNF-R1 also in-
creased after 4-OHT addition to p53ER™
VSMCs (maximum 30 min, baseline by 60
min) (Fig. 3J), indicating that p53 may induce
transport of other death receptors. TNF-R1 in
VSMCs was predominantly cytoplasmic.

To examine the requirement for Fas-FasL in
early p53-induced apoptosis, we transiently ex-
pressed pS3ER™ in Ipr or gld MEFs, which
contain inactivating mutations in Fas and FasL,
respectively (15). p53-induced apoptosis was
reduced in Jpr and gld MEFs compared with
WT (Fig. 4A). In addition, a dominant-negative
(DN) FADD or crmA, which both inhibit Fas-
mediated apoptosis (6, 17), also inhibited p53-
mediated apoptosis (Fig. 4B).

To confirm that Fas transported after p53
activation could induce apoptosis, we incubated
pS3ER™ VSMCs with an agonistic immuno-
globulin M (IgM) antibody to Fas (anti-Fas)
(CH-11) or control antibody. CH-11 increased
apoptosis only after p53 activation, although
this effect disappeared if addition was delayed 4
hours after p53 activation (Fig. 4C). CH-11 did
not induce apoptosis in ER™ or DN-pS3ER™
cells. Consistent with these findings, neutraliz-
ing anti-Fas or FasL antibodies inhibited ap-
optosis of pS3ER™ VSMCs only if added <4
hours after p53 activation (Fig. 4D), indicating
that Fas-FasL death signals are completed with-
in 4 hours of p53 activation. BFA inhibited
apoptosis in low-serum medium only after p53
activation (Fig. 4D), further confirming that

early p53-induced apoptosis of VSMCs re-
quires surface transport of Fas.

p53-induced apoptosis clearly involves sev-
eral mechanisms, with transcription-dependent
or -independent pathways being determined by
cell type and apoptotic stimulus. However, we
have found that pS53 activation can regulate
sensitivity to apoptosis by allowing cytoplasmic
death receptors to redistribute to the cell sur-
face. Tumor cells lacking functional p53 will
evade apoptosis induced by both p53 transcrip-
tional targets and FasL. Intracellular sequestra-
tion of death receptors may cause resistance to
apoptosis and insensitivity to chemotherapeutic
agents for cancer. Conversely, therapy based on
cell surface redistribution of death receptors
may promote apoptosis through endogenous
ligands.
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Time-lapse videomicroscopy examined the course of
100 randomly selected cells over 24 hours. Cumulative
apoptotic deaths at 4-hour intervals were plotted
against time, Mean deaths for each time point and
experimental condition for a minimum of three inde-
pendent experiments are given. Videomicroscopic mea-
surements of apoptosis were confirmed against trypan
blue exclusion (a measure of loss of viability).

Mouse anti-Fas 1gG (10 pg/ml) was bound to protein
G-Sepharose (1 hour, 4°C). p53ER™ VSMC lysates
were incubated with anti-Fas—protein G complexes (3
hours, 4°C), precipitated, separated by 10% SDS—
polyacrylamide gel electrophoresis (PAGE) in nonre-
ducing conditions, and blotted with mouse anti-hu-
man FADD IgG (1 pg/ml).

p53ER™ VSMCs (5 X 10°) were incubated in nocoda-
zole (10 pg/ml) and latrunculin A (5 wg/ml) in 10 mM
Hepes (pH 7.4) for 30 min at 37°C. The cell sediment
was first swollen with 150 mM KCl, 10 mM tris-acetate-
EDTA (pH 7.4) for 10 min on ice, washed twice in KEHM
[150 mM KCl, 10 mM EGTA, 50 mM Hepes-KOH (pH
7.4), 2 mM MgCL,], and protease inhibitor cocktail (PIC,
Sigma), resuspended in an equal volume of KEHM, and
homogenized. The homogenate was centrifuged
through a discontinuous sucrose gradient (1.6, 1.2, or
0.8 M sucrose in KEHM and PIC), and the Golgi-enriched
fraction was collected from the 0.8/1.2 M sucrose in-
terface, separated by 10% SDS-PAGE, blotted, and
probed with mouse anti-Fas IgG (100 ng/ml) (#F22120,
Transduction Labs). Fractions were compared against
homogenate, and whole-cell lysate was isolated for
protein immunoblots.

Retroviruses encoding pBabe Hygro FADD-DN or
control vector (pBabe Hygro) [A. O. Hueber et al.,
Science 278, 1305 (1997)] were synthesized as in
(70), cells were selected in hygromycin (200 p.g/ml),
and resistant cells were pooled.

A Nru-Dra |ll fragment from pcDNA3 crmA (76),
cloned into the adenovirus shuttle plasmid pAdBglil,
was cotransfected with Xba |-Cla I-digested sub360
genomic DNA [T. Ohno et al., Science 265, 781
(1994)] into 293 cells. Recombinant virus was isolat-
ed by plaque purification, propagated in 293 cells,
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and purified by caesium chloride centrifugation. Virus
titers were determined by plaque assay. Target cell
infection of 100% was obtained with a multiplicity of
infection of 100 per cell.
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Bifurcation of Lipid and
Protein Kinase Signals of PI3Kvy
to the Protein Kinases
PKB and MAPK

Tzvetanka Bondeva,* Luciano Pirola,* Ginette Bulgarelli-Leva,
Ignacio Rubio, Reinhard Wetzker, Matthias P. Wymannt

Phosphoinositide 3-kinases (PI3Ks) activate protein kinase PKB (also termed
Akt), and PI3Ky activated by heterotrimeric guanosine triphosphate-binding
protein can stimulate mitogen-activated protein kinase (MAPK}. Exchange of a
putative lipid substrate-binding site generated PI3Ky proteins with altered or
aborted lipid but retained protein kinase activity. Transiently expressed, PI3Ky
hybrids exhibited wortmannin-sensitive activation of MAPK, whereas a cata-
lytically inactive PI3Ky did not. Membrane-targeted PI3Ky constitutively pro-
duced phosphatidylinositol 3,4,5-trisphosphate and activated PKB but not
MAPK. Moreover, stimulation of MAPK in response to lysophosphatidic acid was
blocked by catalytically inactive PI3Ky but not by hybrid PI3Kys. Thus, two
major signals emerge from PI3Ky: phosphoinositides that target PKB and
protein phosphorylation that activates MAPK.

PI3Ks play a central role in cell signaling and
lead to cell proliferation and survival, motility,
secretion, and specialized cell responses such as
the respiratory burst of granulocytes (7). It is
assumed that these responses are mediated by
the major lipid product of the class I PI3K
family, phosphatidylinositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P,]. The protein kinase PKB is a
direct target of PtdIns(3,4)P, (2) and is further
activated by phosphoinositide-dependent ki-
nases (PDKs) (3).

Heterodimeric p85/p110 PI3Ka and
PI3Ky both have protein kinase activity (4, 5).
Moreover, PI3Ka-mediated phosphorylation of
its regulatory p85 subunit decreases the en-
zyme’s lipid kinase activity (4). The functions
of PI3K have often been established with the
PI3K inhibitors wortmannin and L'Y294002 or
with catalytically inactive PI3K constructs (6,
7). Such manipulations interfere with both lipid
and protein kinase activities of PI3Ks (4, 5),
and a physiological role of PI3K signaling
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through its protein kinase activity has not been
established. We therefore engineered PI3Ks
that allowed us to separately study the lipid and
protein kinase activities of PI3Ky.

A region within the conserved catalytic core
of PI3Kvy (8) was replaced by the correspond-
ing sequences of PI3Ks of class II (which phos-
phorylate PtdIns or PtdIns 4-P in vitro), class III
(restricted to PtdIns), and FRAP [a member of
the target of rapamycin family without assigned
lipid kinase activity (Fig. 1A)]. The exchanged
sequences correspond to the activation loop in
cAMP-dependent protein kinase and insulin re-
ceptor tyrosine kinase and seem to regulate the

access of PI substrates to the catalytic core (9).”

When expressed in 293 cells as glutathione-
S transferase (GST)}-PI3Ky fusion proteins,
purified wild-type PI3Ky phosphorylated
PtdIns, PtdIns 4-P, and PtdIns(4,5)P,,
whereas the hybrid of PI3K«y with a class II
insert (cII) phosphorylated only PtdIns and
PtdIns 4-P (Fig. 1B). In vitro production of
PtdIns 3-P by cII was equal to that of the
wild-type enzyme (1.1-fold, 0.1 SE, n =
3) in the absence of cholate and much
greater than that of wild type in the pres-
ence of cholate (22.9-fold, *2.7 SE, n =
5). The hybrid with a class III insert (cIII)

behaved like the PtdIns 3-kinase involved.

in vacuolar protein sorting (Vps34p) and
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