THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 31, pp. 2612626135, July 27, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Regulation of Protein Kinase C Inactivation by Fas-associated

Protein with Death Domain™

Received for publication, January 13,2012, and in revised form, April 17,2012 Published, JBC Papers in Press, May 11,2012, DOI 10.1074/jbc.M112.342170

Wei Cheng*, Lu Wang*, Rong Zhang*, Pan Du*, Bingya Yang*, Hongqin Zhuang®, Bo Tang®, Chun Yao*, Mei Yu®,

Yuxuan Wang®, Jing Zhang*, Wu Yin*, Jiahuang Li*, Weijuan Zheng*, Min Lu*, and Zichun Hua

+§1

From the *State Key Laboratory of Pharmaceutical Biotechnology, Department of Biochemistry, Nanjing University,
Nanjing 210093, China and the SChangzhou High-Tech Research Institute of Nanjing University and Jiangsu Target Pharma

Laboratories, Inc., Changzhou 213164, China

understood.
sustained signaling.

may be regulated by its phosphorylation.

\_

(Bacl(ground: PKC is extremely important for a wide array of cellular processes. However, its inactivation is poorly
Results: FADD deficiency or phosphoryl-mimicking mutation (FADD-D) leads to accumulation of phosphorylated PKC and
Conclusion: The apoptotic adapter FADD is required for PKC dephosphorylation, degradation and signaling inactivation and

Significance: FADD is critical for PKC dephosphorylation, stability, and signaling termination.

J

Protein kinase C (PKC) plays important roles in diverse cellu-
lar processes. PKC has been implicated in regulating Fas-asso-
ciated protein with death domain (FADD), an important adap-
tor protein involved in regulating death receptor-mediated
apoptosis. FADD also plays an important role in non-apoptosis
processes. The functional interaction of PKC and FADD in non-
apoptotic processes has not been examined. In this study, we
show that FADD is involved in maintaining the phosphorylation
of the turn motif and hydrophobic motif in the activated con-
ventional PKC (cPKC). A phosphoryl-mimicking mutation
(S191D) in FADD (FADD-D) abolished the function of FADD in
the facilitation of the turn motif and hydrophobic motif dephos-
phorylation of cPKC, suggesting that phosphorylation of Ser-
191 negatively regulates FADD. We show that FADD interacts
with PP2A, which is a major phosphatase involved in dephos-
phorylation of activated cPKC and FADD deficiency abol-
ished PP2A mediated dephosphorylation of cPKC. We show
that FADD deficiency leads to increased stability and activity
of cPKC, which, in turn, promotes cytoskeleton reorganiza-
tion, cell motility, and chemotaxis. Collectively, these results
reveal a novel function of FADD in a non-apoptotic process
by modulating cPKC dephosphorylation, stability, and sig-
naling termination.
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Fas-associated protein with death domain (FADD),? an
important adaptor protein that couples death receptors with
caspase-8 following extracellular death signals (1), is critical for
death receptor-mediated apoptosis (2, 3). FADD has also been
implicated in non-apoptotic processes. Embryonic death
caused by FADD deficiency in mice is not attributable to
impaired apoptosis (4). FADD-deficient thymocytes are
blocked at the CD4-CD8 stage during T cell maturation (5, 6).
FADD-deficient T cells were shown to have impaired prolifer-
ation in response to anti-CD3/anti-CD28 stimulation and dis-
rupted cell cycle progression (6). Recently, FADD was reported
to have critical roles in negatively regulating necroptosis (7-9).

PKC regulates many important physiological and pathologi-
cal processes, including proliferation, differentiation, and
migration (10-12). The PKC family of kinases can be divided
into three subfamilies on the basis of their response to second
messengers: conventional (cPKC) («, BI, BIL, and v), novel
(nPKC) (8, € m, and 0), and atypical (¢/A and §). In addition to
regulation by intracellular second messengers, the maturation,
stability, and activity of cPKC is regulated by three phosphory-
lation residues located in the activation loop, turn motif (TM)
and hydrophobic motif (HM) (13). Newly synthesized PKC « or
BII is phosphorylated in its activation loop by phosphoinosit-
ide-dependent kinase 1 (14, 15), which allows PKC to autophos-
phorylate the HM and TM (16). Recently, the mammalian tar-
get of rapamycin complex 2 was shown to mediate TM and HM
phosphorylation of PKC « and BII in vivo (17, 18). Upon phos-
phorylation of these three residues, cPKCs are stabilized and
ready to receive signals from second messengers.

2The abbreviations used are: FADD, fas-associated protein with death
domain; PKC, protein kinase C; cPKC, conventional protein kinase C; nPKC,
novel protein kinase C; TM, turn motif; HM, hydrophobic motif; PP2A, type
2A phosphatase; MEF, murine embryonic fibroblast; PMA, phorbol 12-my-
ristate 13-acetate; PHLPP, PH domain and Leucine rich repeat Protein
Phosphatases; MARCKS, Myristoylated alanine-rich C kinase substrate;
SPF, specific-pathogen-free; FMLP, formyl-methionyl-leucyl-phenylala-
nine; CHX, cycloheximide.
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PKC has been shown to modulate the recruitment of FADD
to Fas (19-21). Specifically, PKC¢ has been shown to promote
FADD phosphorylation, which, in turn, has been proposed to
be an important mechanism for Fas resistance (22). Phos-
phorylation of serine 191 (Ser-191) in the C terminus of FADD
has been proposed to be critical for its non-apoptotic function.
Mice bearing the mutation mimicking constitutive phosphory-
lation (S191D) of FADD are immunologically compromised,
similar to FADD-deficient mice (23). FADD is highly phos-
phorylated in tumors with poor prognosis (24 —26). Potential
regulators of non-apoptotic activities of FADD, including
CKle, a kinase that mediates FADD phosphorylation, have
been implicated in regulating non-apoptotic activities of FADD
(27, 28). However, the functional consequence of FADD phos-
phorylation at cellular levels has yet to be elucidated.

The activation mechanisms of PKC are well documented, but
the molecular mechanisms of PKC inactivation are less well
understood. Dephosphorylation of TM and HM are critical for
the inactivation and degradation of PKC « and BII (29-31).
Several phosphatases are linked to TM and HM dephosphory-
lation. The heterotrimeric type 2A phosphatase (PP2A) physi-
cally associates with PKC and dephosphorylates PKCa and f3
upon phorbol 12-myristate 13-acetate (PMA) stimulation on
the membrane (32, 33). Both PP2A and PP1 can dephosphory-
late PKCa and BII in vitro (34, 35). A recent report showed that
PH domain and Leucine rich repeat Protein Phosphatases
(PHLPP), a novel Ser/Thr phosphatase, can destabilize cellular
PKCa and BII by dephosphorylating the HM of PKC (36).

Here, we report that FADD is required for the PP2A catalytic
subunit to recruit cPKC. In the absence of FADD, endogenous
PKCa no longer interacted with PP2Ac, so was not dephos-
phorylated and resistant to degradation. More interestingly, the
S191D mutation abolished the ability of FADD to promote
PP2Ac recruiting PKCPII and promoted the resistance of
PKCa and PKCRII to degradation. Both FADD deficiency and
the S191D mutant enhanced ¢cPKC phosphorylation, stability,
and signaling. Moreover, up-regulated cPKC signaling pro-
moted cytoskeleton remodeling and cell motility. Collectively,
these findings suggest that FADD could regulate cPKC dephos-
phorylation and signaling termination.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—Full-length wild-type BII cDNA was
kindly provided by Dr. Christer Larsson (37) and cloned into
the pcDNA3.1 vector. PP2Ac was kindly provided by Dr.
Tsuyoshi Ikehara (38) and cloned into the pRK5-FLAG vector.
PKCPBII-T634A/T638A/T641A, PKCBII-S660A, and PKCPBIL
(S660E) were kindly provided by Dr. Alexandra Newton (36).
Go06976 was purchased from Merck. PMA, MG132, protein
inhibitor mixture, and CHX were from Sigma. Texas Red-X
phalloidin was purchased from Invitrogen.

Immunoblotting—Cells were lysed in lysis buffer (50 mm
Tris-HCI (pH 7.4), 250 mm NaCl, 0.5%Triton X-100, 50 mm
NaF, 2 mm EDTA, 1 mMm NazVO,, and protein inhibitor mix-
ture) for 30 min and then centrifuged (13,000 X g, 10 min, 4 °C).
Anti-ERK, anti-Raf-1, anti-PKCe, and anti-PKCS were pur-
chased from BD Biosciences. Anti-phospho-HM of PKCa/f,
anti-phospho-TM of PKCa/f3, anti-phospho-(Ser) PKC sub-
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strate, anti-phospho-MARCKS (Ser-152/156), anti-phospho-
MEK], anti-phospho-Raf-1, anti-phospho-ERK1, and anti-
phospho-FADD (Ser-191) were purchased from Cell Signaling
Technology. Anti-PKCBII (c-18), anti-FADD, and anti-HA
were purchased from Santa Cruz Biotechnology. Anti-PP2Ac
was purchased from Millipore. Anti-FLAG was purchased from
Stratagene. For preparation of soluble and insoluble fractions,
the cells was lysed in lysis buffer and centrifuged (15,000 X g, 10
min, 4 °C), and the supernatant was used as soluble fraction.
The pellet was sonicated with 1X sample buffer and used as in
soluble fraction. All the immunoblotting experiments were
repeated three to five times. One representative result for each
experiment is shown.

Cell Culture, Stable Cell Line Construction via Retrovirus
Infection, and Mice—293T and MEFs were cultured in DMEM
(Hyclone) containing 10% FBS (Hyclone) with 50 units/ml pen-
icillin/streptomycin. FADD mutant cell lines, FADD-A and
FADD-D, were constructed on the basis of FADD '~ MEFs.
The construction and validation of all cell lines were performed
in the laboratory of Dr. Astar Winoto (University of California,
Berkeley). Briefly, FADD-A and FADD-D mutant cDNAs were
generated using PCR, as described previously (23), subcloned
into the retroviral vector MSCV-Zeocin, and transfected into
Bosc packing cells. Supernatant was used to infect FADD KO
MEFs. Infected MEFs were selected with Zeocin for 1 month.
The expression level of FADD and FADD mutants was exam-
ined using Western blot analyses and was similar across differ-
ent MEFs. The FADD phosphorylation mutant mice (FADD-D
in FADD /" alleles) were generated as reported previously
(23). Briefly, the FADD-D transgenic mice were generated and
then mated to FADD "/~ mice for at least two generations to
obtain mice that express only FADD-D (with FADD /" alleles).
The mice were housed in an Association for Assessment and
Accreditation of Laboratory Animal Care Jiangsu Province-ac-
credited specific pathogen free (SPF) animal facility in Nanjing
Drum Tower Hospital, and all animal protocols were approved
by the Animal Care and Use Committee of the School of Life
Sciences of Nanjing University.

Immunoprecipitation—Muscular tissues were homogenized
in a lysis buffer containing 50 mm Tris-HCI (pH 7.4), 250 mm
NaCl, 0.5%Triton X-100, 50 mm NaF, 2 mm EDTA, 1 mm
Na;VO,, and protein inhibitor mixture and immunoprecipi-
tated with anti-PKCpII antibody and protein G-agarose (Milli-
pore). MEFs were directly lysed in the lysis buffer. The immu-
noprecipitates were washed six times with lysis buffer and
subjected to Western blot analysis.

Phosphatase Activity Assay—Cells were lysed in lysis buffer
without NaF and Na;VO, and centrifuged for 20 min at 13,000 X
g PP2Ac was immunoprecipitated, and the activity was measured
with the PP2A immunoprecipitation phosphatase assay kit
(Millipore).

F-actin Staining, Wound Closure, Transwell Assays, and
Chemotaxis—After the indicated treatments, cells were fixed
with 4% formaldehyde for 1 h, penetrated with 0.5% Triton
X-100 for 1 h, and then stained with Texas Red-X phalloidin for
1 h. F-actin was then visualized by microscopy (Carl Zeiss,
Axioplan 2). For the wound closure assay, confluent cell mono-
layers were cultured in serum-free DMEM for 24 h and scraped
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FIGURE 1. Accumulation of cPKC and nPKC proteins in FADD '~ MEFs.
A, expression levels of endogenous PKC isoforms in FADD*/* and FADD "/~
MEFs were monitored by Western blot analysis. B, degradation of endoge-
nous PKCs in FADD ™" and FADD ™/~ MEFs in response to PMA treatment at
the indicated concentrations for 12 h. C, Western blot analysis of PKCa in
FADD™* and FADD/~ MEFs upon CHX and PMA cotreatment. MEFs were
treated with PMA plus CHX (20 pg/ml) for 12 h.

manually with a pipette tip. The culture medium was replaced
with fresh medium containing PMA or FBS. The transwell
migration assay was performed using an 8-um PET 24-well
Millicell culture insert with hanging geometry (Millipore). Cells
were cultured in serum-free medium overnight and treated
with inhibitor for 2 h before trypsinization. 100-ul single-cell
suspension at the concentration of 10° cells/ml was added to
the inner side of the transwell. After 5 h, cells on the inner side
of the membrane were wiped clean with a cotton swab. Cells on
the outer side were fixed with 4% formaldehyde prior to stain-
ing with crystal violet. Images were captured with a X 10 objec-
tive lens. The average number of migrated cells in five to six
randomly chosen fields of view per insert was taken to quantify
the extent of migration. For the chemotaxis assay, splenocytes
or mesenteric lymphocytes were isolated and cultured in
serum-free medium for 2 h. A single-cell suspension was used
for the transwell assay. After stimulation with SDF-1 or FBS,
migrated cells were quantified usinga QCM™ Chemotaxis cell
migration assay (Millipore).

RESULTS

FADD Regulates cPKC Protein Levels—T o study the effects of
FADD on PKC, we examined FADD-deficient murine embry-
onic fibroblast cells (FADD '~ MEFs). Interestingly, we found
that protein levels of all cPKCs and one nPKC, PKCS8, were
increased in FADD /~ MEFs as compared with FADD"/™"
MEFs (Fig. 1A). In contrast, the protein levels of other nPKCs,
such as PKCg, and atypical PKCs, such as PKC§, in FADD /'~
MEFs were similar to levels in FADD*’* MEFs (Fig. 14). To
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examine whether the accumulation of ¢PKC and nPKC in
FADD /~ MEFs might be attributable to increased stability, we
treated cells with PMA in along-term manner (12 h) with lower
and milder concentrations that induced endogenous PKCs deg-
radation. Compared with that of FADD*/* MEFs, PKCa deg-
radation was greatly reduced in FADD/~ MEFs upon PMA
treatment (Fig. 1B). Likewise, the degradation of both PKCgII
and PKCy was also decreased in FADD~/~ MEFs (Fig. 1B and
data not shown). In contrast to cPKC, the degradation of PKC8
was reduced only at low PMA concentrations (Fig. 1B). On the
other hand, the rate of degradation of the nPKC PKCe was
comparable between FADD /" and FADD '~ MEFs (Fig. 1B).
Interestingly, we found that the protein levels of FADD are
induced in response to PMA treatment in a dose-dependent
manner (Fig. 1B).

Because cPKCs such as PKCa and PKCp are most affected by
FADD deficiency, we concentrated our subsequent analysis of
PKCa and PKCp. We found that levels of both PKC« and PKCB
mRNA were comparable between FADD*/* and FADD '~
MEFs after PMA stimulation (data not shown). Although inhib-
iting de novo protein synthesis with CHX significantly pro-
motes the loss of PKCa in FADD */* MEFs in response to PMA,
CHX had no significant effect on accumulated PKCea in
FADD /=~ MEFs (Fig. 1C). These data suggest that FADD is
involved in posttranslational regulation of cPKC.

To confirm that the increased PKCa protein levels was a
consequence of FADD deletion, we reintroduced a FADD
expression plasmid into FADD /~ MEFs. Re-expression of
FADD restored the PMA-induced PKCa degradation in
FADD /~ MEFs (Fig. S1).

FADD Regulates cPKC TM and HM Phosphorylation—DPre-
vious studies have indicated that both TM and HM phosphor-
ylation of PKCa/ are important for protein stability (29 -31).
Therefore, we analyzed TM and HM phosphorylation of cPKC
in FADD "/~ MEFs. Consistent with the elevated protein level,
phospho-TM and phospho-HM of PKCa/ were significantly
higher in FADD~/~ MEFs than in FADD"/* MEFs (Fig. 1B).

To differentiate the effect of FADD deficiency on the levels of
PKCa protein versus that of phosphorylation, we treated cells
with PMA in a short-term manner (3 h) with higher concentra-
tions (500 ng/ml and 1000 ng/ml) to induce rapid phos-
phorylation loss without affecting protein level. Strikingly, TM
dephosphorylation of PKCa/B was largely inhibited in
FADD "/~ MEFs, whereas HM dephosphorylation was compa-
rable (Fig. 2A). These data suggest that FADD is required for
TM dephosphorylation of PKCa/f but less important for HM
dephosphorylation.

mTORC2 has been shown to be required for cPKC TM and
HM phosphorylation (17, 18). Therefore, we evaluated whether
TORC?2 contributes to the increased TM and HM phosphory-
lation in FADD ~/~ MEFs. This is similar to other reports (17,
18), although inhibition of mMTORC2 by prolonged rapamycin
treatment showed an insignificant effect on total cPKC protein
level. Indeed, it reduced TM and HM phosphorylation in
FADD*/* MEFs (Fig. 2B). In contrast, rapamycin had no effect
on TM and HM phosphorylation in FADD /'~ MEFs (Fig. 2B).
In addition, heat shock protein 90 (HSP90) has been reported to
protect dephosphorylated PKCa from degradation (39). The
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FIGURE 2. FADD regulates cPKC TM and HM phosphorylation. A, MEFs
were treated with the indicated concentrations of PMA for 3 h. Similar levels
of PKCa were loaded to monitor TM and HM dephosphorylation. Phos-
phorylation of TM and HM was determined by Western blot analysis. B, MEFs
were treated with 100 nm rapamycin or 1 um 17-allylaminogeldanamycin for
the time indicated. C, Western blot analysis of PKCa TM and HM phosphoryl-
ation after reintroduction of FADD into FADD /~ MEFs. After transfection
with empty (-) or FADD (10 ug or 20 ug)-expressing plasmids for 24 h,
FADD ™/~ MEFs were treated with 100 ng/ml PMA for 30 min.

HSP90 inhibitor 17-AAG promoted TM and HM dephos-
phorylation in FADD"/* MEFs, whereas it had no significant
effects on phospho-TM and phospho-HM in FADD ~/~ MEFs
(Fig. 2B). These experiments suggest that the persistent phos-
phorylation of ¢PKCs in FADD /= MEFs is not due to
increased phosphorylation.

To confirm the specific effects of FADD deletion on TM and
HM phosphorylation in FADD/~ MEFs, we reintroduced a
FADD plasmid into FADD /~ MEFs. Consistent with the
abovementioned observations, restoration of FADD expression
reduced PKCa protein levels. Furthermore, FADD expression
reduced TM phosphorylation upon PMA treatment. Similarly,
HM phosphorylation was also decreased in FADD-comple-
mented FADD ~/~ MEFs (Fig. 2C).

FADD Regulates cPKC Stability—Phosphorylation of cPKC
is known to provide resistance to degradation (40). Because
cPKC is highly phosphorylated in FADD '~ MEFs, we
explored whether the accumulated cPKC was due to increased
protein stabilityin FADD ~/~ MEFs. We treated cells with CHX
to monitor PKCea degradation. CHX reduced PKCa protein
levels in FADD"/* MEFs but had no significant effect on accu-
mulated PKCa in FADD '~ MEFs (Fig. 34). This result indi-
cates that endogenous PKCua is resistant to degradation in the
absence of FADD. It has been well established that mature
PKCu is phosphorylated constitutively, stable, and localized in
the detergent-soluble compartment. Upon dephosphorylation,
PKCa became detergent-insoluble (36). Most of the accumu-
lated endogenous PKCa was present in the detergent-soluble
supernatant, consistent with the highly phosphorylated status
of PKCa in FADD ~/~ MEFs (Fig. 3B).

We then determined the effect of FADD on the stability of
the TM and HM phosphorylation mutants. We transfected
wild-type PKCBII (WT), the TM mutation (PKCBII-T634A/
T638A/T641A), and the HM mutation (PKCBII-S660A) into
293T cells in the absence or presence of FLAG-FADD. Consis-
tent with previous studies (17, 18), the TM phosphorylation
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FIGURE 3. FADD regulates cPKC stability. A, MEFs were treated with 20
rg/ml CHX for the indicated times. PKCa protein level was determined using
Western blot analysis. B, Western blot analysis of PKCa in subcellular fractions
in FADD™/* and FADD /™~ MEFs. MEFs were fractionated into the detergent-
soluble supernatant (S) and detergent-insoluble pellet (P) after treatment
with 20 ug/ml MG132 for 12 h. The faster migrating band representing
dephosphorylated PKCa is labeled with an asterisk. The slower migrating
band representing phosphorylated PKCa is labeled with an arrow. PKCa dis-
tribution was determined using Western blot analysis. C, 293T cells were
transfected with wild-type PKCpII, the TM mutation (PKCBII-T634A/T638A/
T641A), and the HM mutation (PKCBII-S660A) plasmids with or without FADD.
Expression of FADD was monitored by FLAG antibody. Cells were fractionated
into the detergent-soluble supernatant and detergent-insoluble pellet.
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FIGURE 4. FADD regulates the interaction between PKCa and PP2A. A, no
difference was seen in the PP2A activity in FADD"™/* and FADD /~ MEFs.
PP2Ac was immunoprecipitated from 800 g MEF lysate with an anti-PP2Ac
monoclonal antibody, and a similaramount of PP2Ac was used for PP2A activ-
ity analysis. B, PP2Ac and PKCa coimmunoprecipitate in FADD /" but not
FADD/~ MEFs. PKCa was immunoprecipitated (IP) from the cell lysate of
FADD"/* or FADD /~ MEFs. PIS, preimmune serum. C, PP2Ac and PKCa coim-
munoprecipitate in FADD*/* but not FADD/~ MEFs upon PMA stimulation.
MEFs were treated with 1 ug/ml PMA for 30 min.

mutant accumulated more in the detergent-insoluble pellet
than WT PKCBII and the HM mutant (Fig. 3C), suggesting a
critical role of TM phosphorylation in cPKC stability. Indeed,
FADD expression promoted a significant fraction of WT
PKCBII and the HM mutant to be localized in the detergent-
insoluble pellet (Fig. 3C).

FADD Regulates the Recruitment of PP2A to cPKC—A previ-
ous study has reported that TM dephosphorylation of ¢cPKC is
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okadaic acid-sensitive, whereas HM dephosphorylation is okadaic
acid-insensitive (36). Furthermore, PKCa dephosphorylation
upon PMA treatment correlates with the presence of a mem-
brane-associated PP2A and HM phosphorylation-defective PKCe
can be dephosphorylated by PP2A in vitro (29, 34). To further

FADD +/+ FADD -/-

PMA -+ + -4+
Go6976 -
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PMA -+ + -+«
Go6976 - - + -+

—150
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—37
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FIGURE 5. FADD regulates cPKC activity and signaling. A, Western blot
analysis of phosphorylated MARCKS in FADD*/* and FADD /~ MEFs. MEFs
were treated with 100 ng/ml PMA for a 30-min pretreatment with 5 pum
G06976 or not. B, Western blot analysis of phospho-(Ser) PKC substrate in
FADD*'* and FADD /™~ MEFs. MEFs were treated with 100 ng/ml PMA for 1 h
with or without pretreatment with 5 um Go6976.
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study the regulation of cPKC by PP2A, we tested if PP2Ac had any
effect on cPKC stability. Overexpressed PP2Ac in 293T decreased
PKCBII distribution in the detergent-soluble supernatant and pro-
moted its accumulation in the detergent-insoluble pellet (supple-
mental Fig. S2). PP2A showed a similar effect on PKCe (data not
shown). These data indicate that PP2A promotes cPKC
dephosphorylation.

To further study the effect of PP2A on TM dephosphory-
lation, a similar PKCpII protein level was immunoprecipi-
tated from control and PP2Ac-overexpressed lysates. We
found that overexpression of PP2Ac promoted significant
TM dephosphorylation (supplemental Fig. S3). In addition,
PP2Ac also induced HM dephosphorylation (supplemental
Fig. S3).

PP2A activity is mainly regulated by two mechanisms: phos-
phatase catalytic activity and substrate target specificity.
Because no significant difference in PP2A catalytic activity was
found between FADD*’" and FADD '~ MEFs (Fig. 44), we
examined the possibility that FADD regulates the targeting
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PMA(min) 0 30120240 0 30120240480 0 30 120 240 480
p-ERK ‘
ERK1 | :
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D IP:  PISPKCBII

-3 PP2Ac
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FIGURE 6. Ser-191 phosphorylation of FADD regulates cPKC phosphorylation, stability, and signaling. A, Western blot analysis of PKCa in WT, FADD-A,
and FADD-D MEFs. MEFs were treated with PMA at the indicated concentrations for 12 h. B, Western blot analysis of phosphorylated ERK and Raf-1 in WT,
FADD-A, and FADD-D MEFs. MEFs were treated with 100 ng/ml PMA for the times indicated. C, Western blot analysis of phospho-(Ser) PKC substrates in
cytosolic extracts of cardiac muscles from control littermates (L) and FADD-D mice (D). Representative results from five pairs of mice are shown. D, coimmu-
noprecipitation (/P) analysis of endogenous PKCBIl and PP2Ac from cardiac muscles of control littermates (L) and FADD-D mice (D). Representative results from
three pairs of mice are shown. £, coimmunoprecipitation analysis of FADD and PP2Ac in 293T cells. As indicated, lysates from the cells transfected with plasmids
encoding FLAG-PP2Ac, HA-FADD, or HA-FADD-D were subjected to immunoprecipitation with an anti-FLAG antibody. FADD and FADD-D were detected using
an anti-HA antibody. F, coimmunoprecipitation analysis of FADD and PKCBII in 293T cells. As indicated, lysates from the cells transfected with plasmids
encoding FLAG-FADD, FLAG-FADD-D, or pcDNA-PKCPII were subjected to immunoprecipitation with an anti-FLAG antibody. PKCBII was visualized by

anti-PKCgII.

26130 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 287 +NUMBER 31-JULY 27,2012


http://www.jbc.org/cgi/content/full/M112.342170/DC1
http://www.jbc.org/cgi/content/full/M112.342170/DC1
http://www.jbc.org/cgi/content/full/M112.342170/DC1
http://www.jbc.org/cgi/content/full/M112.342170/DC1
http://www.jbc.org/cgi/content/full/M112.342170/DC1

specificity of PP2A. Interestingly, PP2Ac coprecipitated with
PKCa in FADD */* MEFs, but much less PP2Ac coprecipitated
with PKCa in FADD "/~ MEFs with or without PMA (Fig. 4, B
and C). These data indicate that FADD is required for PP2A to
recruit cPKC.

FADD Controls ¢PKC Signaling—To examine whether
enhanced cPKC phosphorylation in FADD /'~ MEFs leads to
increased phosphorylation of PKC substrates, we examined
cPKC activity and signaling. One of the PKC substrates,
MARCKS (41), was utilized to evaluate cPKC activity.
MARCKS phosphorylation was induced upon a milder PMA
treatment in FADD*/* MEFs. The increased MARCKS phos-
phorylation was blocked by Go6976, a cPKC-specific inhib-
itor, in FADD /= MEFs. Strikingly, significantly increased
MARCKS phosphorylation under both basal and PMA-stimu-
lated conditions was observed in FADD '~ MEFs in compari-
son with FADD*/* MEFs (Fig. 54). Consistently, enhanced
serine phosphorylation of PKC substrates with or without PMA
treatment was observed in FADD '~ MEFs when compared
with FADD*/* MEFs (Fig. 5B).

FADD Phosphorylation Regulates Its Novel Function—Phos-
phorylation of FADD at its C terminus has been shown to reg-
ulate its non-apoptotic function (23). Thus, we were interested
in exploring whether phosphorylation of FADD at its C termi-
nus had any effect on ¢PKC stability. Three types of MEFs,
expressing wild-type FADD (WT) and the serine 191 to alanine
(FADD-A) or to aspartic acid (FADD-D) FADD mutants, were
utilized to examine the effect of FADD phosphorylation on
PKCa expression and activity. Interestingly, PKCa was up-reg-
ulated in FADD-D MEFs compared with that in WT and
FADD-A MEFs (Fig. 6A). Furthermore, PKCa degradation
upon lower and milder PMA treatment overnight was also
reduced significantly in FADD-D MEFs, whereas the expres-
sion and degradation patterns of PKCa in FADD-A MEFs were
comparable with that in WT MEFs (Fig. 6A4). Consistent with
increased levels of PKCa, PMA-induced rapid phosphorylation
of both Raf-1 and ERK in 30 min, which are known to be the
downstream targets of PKC, was also significantly higher in
FADD-D MEFs compared with that of the WT MEFs (Fig. 6B).
Because the effect of FADD-D mutation mimics the null FADD
mutation regarding PKC activation, these data suggest that
phosphorylation of Ser-191 in FADD may negatively regulate
the effect of FADD on PKC inactivation.

To further extend our observation in MEFs, we compared the
expression of cPKC and nPKC protein levels in FADD-D mice
and wild-type littermates. Interestingly, FADD-D mice con-
tained a higher amount of PKCe, BII, and 6 in cardiac muscles
than did control littermates (supplemental Fig. S4). A similar
up-regulation was also observed in other tissues, such as skele-
tal muscles, lymphocytes, and thymocytes (data not shown).
Consistent with elevated PKC activity in FADD-D mice,
enhanced serine phosphorylation of PKC substrates was also
observed (Fig. 6C).

To examine the interaction of FADD-D mutant with PP2Ac,
we compared the interaction of PKCBII and PP2Ac in cardiac
muscles of WT and FADD-D mice. We found that the interac-
tion of PKCBII and PP2Ac found in WT was largely abolished in
FADD-D mice (Fig. 6D). These results raise the interesting pos-
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FIGURE 7. FADD modulates cell morphology, cytoskeleton reorganiza-
tion, and cell motility. A, FADD"/* and FADD "/~ MEFs were cultured in
serum-free medium for 24 h and then treated with 100 ng/ml PMA for 2 h or
PMA plus 5 um Go6976. F-actin was visualized with Texas Red-X phalloidin.
Scale bar = 20 um. B, wound closure analysis of FADD™/* and FADD /™~ MEFs.
MEFs were cultured in serum-free medium for 24 h and then treated with 100
ng/ml PMA for 22 h. C, quantification of the Transwell assay of FADD™/* and
FADD /~ MEFs. Cells treated with 5% FBS for 5 h. MEFs were cultured in
serum-free medium for 24 h, and 5 um Go6976 was added 2 h before FBS
treatment. Cells were counted from 5 or 6 equal areas. **, p < 0.01; ***, p <
0.005; Student’s t test.

sibility that FADD phosphorylation regulates the interaction
between cPKC and PP2Ac. Moreover, FADD-D failed to inter-
act with PP2Ac (Fig. 6E). Paradoxically, the interaction between
FADD-D and the PKCpII was enhanced compare with that of
FADD (Fig. 6F), suggesting a critical role of phosphorylation in
regulating the novel function of FADD.

FADD Regulates Cytoskeleton and Cell Motility—We
explored the functional consequence of FADD phosphoryla-
tion on cell morphology and motility. Both FADD '~ MEFs
and FADD-D lymphocytes have been reported to have abnor-
mal cell morphology. They are bigger and more rounded than
controls (42, 43). Because cPKC plays important roles in cyto-
skeleton regulation and cell migration, we hypothesized that
deregulated cPKC might contribute to the abnormal morphol-
ogy of FADD '~ MEFs. Indeed, FADD '~ MEFs had more
rounded and non-aggregated F-actin morphology and more
stress fibers than the FADD"/* MEFs (Fig. 7A). F-actin disas-
sembly is induced rapidly upon PMA treatment. Increased and
enhanced lamellipodia accumulation was observed in
FADD "/~ compared with FADD*/* MEFs treated with PMA,
which was abolished by Go6976 (Fig. 7A).

Next, we characterized the motility of FADD"/* and
FADD /=~ MEFs using a wound closure assay. We found that
PMA-stimulated FADD ~/~ MEFs but not WT MEFs were able
to close the wound area after 24 h, suggesting that FADD '~
MEFs are more active in migration than that of WT MEFs (Fig.
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FIGURE 8. FADD-D regulates cytoskeleton and cell motility. A, WT, FADD-A or FADD-D MEFs were cultured in serum-free medium for 24 h and then treated
with 100 ng/ml PMA for 2 h. F-actin was visualized with Texas Red-X phalloidin. B, wound closure analysis of WT, FADD-A or FADD-D MEFs treated with 10% FBS
for 24 h. MEFs were cultured in serum-free medium for 24 h, and 5 um Go6976 was added 2 h before FBS treatment. C, quantification of Transwell assay of WT,
FADD-A, or FADD-D MEFs. Cells treated with 5% FBS for 5 h. MEFs were serum-starved for 24 h. MEFs were cultured in serum-free medium for 24 h, and 5 um
G06976 was added 2 h before FBS treatment. Cells were counted from five or six equal areas. **, p < 0.01; ***, p < 0.005; Student’s t test. D and E, mesenteric
lymphocytes and splenocytes, respectively, from FADD-D mice and littermates were starved for 2 h. The transwell assay was carried out for 24 h with no
treatment (CON), treatment with 150 ng/ml SDF-1, or with 5% FBS in the presence or absence of Go6976. Representative results from at least three pairs of mice
are shown. Error bars represent mean = S.D. from triplicate measures. (F) Splenocytes from C57/BL6 mice were treated with 100 um formylmethionylleucyl-
phenylalanine or 150 ng/ml SDF-1 for 30 min. Cells were preincubated with 5 um Go6976 for 2 h. Phosphorylated FADD and total FADD were determined using
Western blot analysis. Representative results from three mice are shown.

7B). The highly active migrating behavior of FADD-deficient active in migration than WT MEFs. The increased cPKC activ-
MEFs was further analyzed using a transwell assay that revealed ity is likely to play a major role in the highly migratory behavior
that FADD '~ MEFs were approximately 10 times higher of FADD ’~ MEFs as the addition of Go6976 largely inhibited
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the increased migration (Fig. 7C and supplemental Fig. S5).
Collectively, these results suggest that FADD is an important
component of the signaling networks that regulate cytoskele-
ton and cell motility.

FADD Phosphorylation Regulates Cytoskeleton and Cell
Mobility—Similar to that of FADD '~ MEFs, FADD-D MEFs
also had abnormal morphology and enhanced formation of
stress fibers, whereas the morphology of FADD-A MEFs were
comparable with that of WT MEFs (Fig. 84). Enhanced lamel-
lipodia formation upon PMA treatment was also observed in
FADD-D MEFs compared with in FADD-A and WT MEFs (Fig.
84).

Next, we examined the effect of FADD-D mutation on cell
motility. We found that FADD-D MEFs closed the wound
much faster than those of WT or FADD-A MEFs (Fig. 8B).
Furthermore, the accelerated migration was abolished by
Go6976 (Fig. 8B). In the transwell assay, FADD-D MEFs also
migrated significantly faster than WT MEFs (supplemental Fig.
$6). Quantitative analysis of FADD-D MEFs revealed a 20-fold
increase in cell migration (Fig. 8C).

Consistent with the results from MEFs, both mesenteric lym-
phocytes and splenocytes from FADD-D mice also demon-
strated accelerated chemokine-induced migration (Fig. 8, D
and E). A previous study indicated that cPKC promotes
FADD phosphorylation in neutrophils treated with GM-CSF
(28). We found that FADD phosphorylation was also induced
by SDF-1 and FMLP (formyl-methionyl-leucyl-phenylalanine)
in a ¢cPKC-dependent manner (Fig. 8F). Collectively, these
results suggest that FADD phosphorylation promotes cytoskel-
eton reorganization, cell migration, and chemotaxis.

DISCUSSION

The phosphorylation of three conserved sites (A-loop, TM,
and HM) in PKC plays a critical role in its stability and activity
(44). Endogenous PKC degradation is primed by dephosphory-
lation at these three sites. However, the molecular mechanisms
that regulate dephosphorylation of PKCs remain largely
unknown. In this study, we present that the apoptotic adaptor
FADD isrequired for cPKC TM dephosphorylation. FADD also
affected HM dephosphorylation. FADD is required for TM
dephosphorylation induced by PMA, which mimics endoge-
nous phobol esters such as diacylglycerol and Ca**. PKCa and
PKCRII are resistant to PMA-dependent degradation, which
leads to their accumulation in FADD /" cells. Because the
expression of FADD is also induced by PMA (Fig. 1B), induc-
tion of FADD in response to PMA may serve to negatively reg-
ulate cPKCs after their activation.

Ser-191 phosphorylation of FADD is thought to have an
insignificant effect on receptor-mediated apoptosis but to dra-
matically inhibit cell proliferation and differentiation (27). The
molecular mechanisms of these effects are unknown. Here, we
presented a molecular model for how Ser-191 phosphorylation
regulates the novel function of FADD. The mutant mimicking
constitutive phosphorylation (FADD-D) had a decreased inter-
action with PP2Ac, which then resulted in an impaired interac-
tion between PP2Ac and PKCBII These data suggest that Ser-
191 phosphorylation abolishes the novel “adaptor” function of
FADD. Interestingly, consistent with a previous report (28),
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Ser-191 phosphorylation of FADD was induced by chemokines
in a cPKC-dependent manner, suggesting that Ser-191 is a
potential target for cPKC to amplify its own signaling output.

Previous studies proved that caspase family proteases such as
caspase-3, caspase-8, and caspase-11 regulate cell migration
through distinct mechanisms (45—47). Our study revealed an
interesting role of FADD and its phosphorylation in cell migra-
tion and chemotaxis. As an apoptotic adaptor protein, FADD is
believed to be down-regulated in cancer cells to evade apopto-
sis. Paradoxically, FADD has been found overexpressed in
many tumors, such as head and neck squamous cell carcinoma,
oral squamous cell carcinoma, ovarian carcinoma, and lung
adenocarcinomas (24, 48 —50). Moreover, FADD phosphoryla-
tion has been demonstrated up-regulated in tumors such as oral
squamous cell carcinoma, lung adenocarcinomas, and gastric
cancer and is associated with a poor outcome (26, 49, 51). Our
study indicates that FADD phosphorylation might promote
tumor progression, such as metastasis, through inducing PKC
signaling.

The results from this study could explain how FADD defi-
ciency or constitutive phosphorylation result in disorders of
cell morphology, cytoskeleton, and cell motility. cPKC plays
critical roles in cytoskeleton organization via phosphorylating
numerous substrates, such as MARCKS, adducin, and fascin,
to regulate F-actin organization (10). F-actin formation is
enhanced dramatically under FADD-deficient conditions or in
the presence of a FADD mutant that mimics constitutive phos-
phorylation. We showed that this enhancement was inhibited
by a ¢cPKC inhibitor, suggesting that both FADD and its phos-
phorylation are crucial for cytoskeleton organization. Consis-
tent with the observations that PKCa overexpression leads to
larger cell sizes, enhanced stress fibers, more lamellipodia, and
extensive actin fibers (52), similar changes were also observed
in FADD /~ MEFs. These data indicate that FADD is impor-
tant for cell morphology and the maintenance of F-actin orga-
nization by regulating cPKC.

A schematic framework of cPKC regulation by FADD is pre-
sented in supplemental Fig. S7. We propose that FADD acts to
negatively regulate PKC dephosphorylation, stability, and sig-
naling, ultimately controlling cytoskeleton organization and
cell migration. Upon phosphorylation at Ser-191, FADD loses
contact with PP2A. c¢PKC then dissociates from PP2A. The
escape of cPKC from dephosphorylation and degradation by
PP2A accelerates cytoskeleton turnover and enhances cell
motility.
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