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The adaptor protein APPL1 (adaptor protein containing
pleckstrin homology (PH), phosphotyrosine binding (PTB), and
leucine zippermotifs) was first identified as a binding protein of
AKT2 by yeast two-hybrid screening. APPL1 was subsequently
found to bind to several membrane-bound receptors and was
implicated in their signal transduction through AKT and/or
MAPK pathways. To determine the unambiguous role of Appl1
in vivo, we generatedAppl1knock-outmice.Herewe report that
Appl1 knock-out mice are viable and fertile. Appl1-null mice
were born at expected Mendelian ratios, without obvious phe-
notypic abnormalities. Moreover, Akt activity in various fetal
tissues was unchanged compared with that observed in wild-
type littermates. Studies of isolated Appl1�/� murine embry-
onic fibroblasts (MEFs) showed thatAkt activationby epidermal
growth factor, insulin, or fetal bovine serum was similar to that
observed in wild-type MEFs, although Akt activation by HGF
wasdiminished inAppl1�/�MEFs.To rule out a possible redun-
dant role played by the related Appl2, we used small interfering
RNAtoknockdownAppl2 expression inAppl1�/�MEFs.Unex-
pectedly, cell survival was unaffected under normal culture con-
ditions, and activation ofAktwas unaltered following epidermal
growth factor stimulation, although Akt activity did decrease
further afterHGF stimulation. Furthermore,we found thatAppl
proteins are required for HGF-induced cell survival and migra-
tion via activation of Akt. Our studies suggest that Appl1 is dis-
pensable for development and only participate in Akt signaling
under certain conditions.

The adaptor protein containing pleckstrin homology (PH),
phosphotyrosine binding (PTB), and leucine zipper motifs

(APPL)5 was first identified as an AKT2-interacting protein by
yeast two-hybrid screening (1). APPL1, also dubbed DIP13�
(DCC-interacting protein 13�) (2), comprises three domains,
i.e. Bar, PH, and PTB motifs. Whereas all of these domains can
bind to lipids, each has unique binding preferences, which the-
oretically enables APPL to bind to various signaling proteins.
The membrane binding-bending feature of the APPL protein
permits it to be trafficked among many subcellular compart-
ments (3). Moreover, the APPL Bar domain interacts with its
own PH domain to form a unique Bar-PH structure that distin-
guishes APPL from other Bar domain-containing molecules
(4). We previously showed that APPL1 can bind to AKT2
through its PTB domain (1), and subsequent co-immunopre-
cipitation studies showed that APPL1 also binds to AKT1,
AKT3, and the p110 catalytic subunit of phosphatidylinosi-
tol 3-kinase. APPL1 does not bind to phosphorylated (active)
AKT, and our initial report did not ascertain whether bind-
ing to APPL1 affects AKT activity (1). Subsequent work
identified a second APPL protein, APPL2, which shares a
high homology with APPL1 as well as some of the same bind-
ing partners (5).
The function of APPL proteins was first demonstrated in

HeLa cells, where APPL1 and APPL2 were found to represent
key signaling links from the endosome to the nucleus by switch-
ing and activating binding partners from the small GTPase
Rab5 on endosomes to the nucleosome remodeling and histone
deacetylase multiprotein complex NuRD-MeCP1. Further-
more, knock down of APPL protein inhibited DNA synthesis
and resulted in cell cycle arrest (6). Structural analysis revealed
that APPL binds to Rab5mainly through its PHdomain, but the
Bar domain at the other side of the dimer also binds to Rab5 (7).
A broader role for APPL in signal transduction was soon dis-
covered when various groups found that APPL proteins are
implicated in nerve growth factor and follicle stimulating hor-
mone signaling, as well as in lipid and glucosemetabolism. Two
groups independently reported that APPL1 tethers GIPC1 to
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the nerve growth factor receptor TrkA upon nerve growth fac-
tor stimulation in PC12 cells, which is necessary for down-
streamactivation ofmitogen-activated protein kinase/extracel-
lular signal-regulated kinase kinase (MEK) and AKT and
subsequent neurite outgrowth (8, 9). In addition, APPL1 and
APPL2were shown to be associatedwith the follicle stimulating
hormone receptor when overexpressed in HEK293 cells, sug-
gesting that APPL may play a role in reproduction (10, 11).
APPL suppresses androgen receptor function by regulating
AKT activity (12). APPL has also been shown to interact with
the adiponectin receptor and thereby participates in glucose
and lipid metabolism as well as vasodilation. Mao et al. (13)
showed that overexpression of Appl1 in C2C12 myoblasts
increases adiponectin-induced p38 MAPK activation, whereas
knock down of Appl1 inhibits p38 activation. Appl1 knock-
down also caused a moderate reduction in insulin-induced Akt
activation in these cells, although no effect on cell proliferation
was reported (13). However, no evidence was found for a link
between human diabetes and genetic variation in the APPL1
locus (14). In endothelial cells, adiponectin can activate AMP-
activated protein kinase through APPL1 to provide a survival
signal (15). Alternatively, adiponectin activates the ERK path-
way through APPL-dependant Ras activation (16). Neverthe-
less, APPL mediates the adiponectin-induced phosphorylation
of endothelial nitric-oxide synthase, and the subsequent pro-
duction of nitric oxide that triggers endothelium-dependent
vasodilation (17). In adipocytes, knock down of APPL1 sup-
presses AKT phosphorylation, 2-deoxyglucose uptake, and
Glut4 translocation (18).
APPL has also been implicated in some human pathological

conditions such as Lowe syndrome. Recently, the inositol
5-phosphatase OCRL (Oculocerebrorenal Syndrome of Lowe)
was found to be recruited by APPL1 at early endosomes.
Whether this binding is essential for the enzymatic activity of
OCRL was not documented, although all known point muta-
tions in the OCRL gene in Lowe syndrome patients do abolish
its interaction with APPL1 (19, 20).
Information gathered to date indicates that APPL is involved

inmultiple steps in cell signaling networks from very upstream,
such as conveying an activated receptor signal, to far down-
stream, such as its involvement with NuRD/MeCP1 in the
nucleus (6). It seems that under certain conditions, perturba-
tion of this adaptor protein interferes with cell proliferation or
even cell survival. This was apparent in zebrafish, where knock
down of Appl1 or Appl2 alone was sufficient to trigger massive
apoptosis, which was thought to be due to blockage of Akt sig-
naling specifically toGsk3�, but not to Tsc2 (21). The complex-
ity of the function of APPL became even more intertwined
when APPL was found to be essential for a certain type of apo-
ptotic signaling. Interaction between APPL and the tumor sup-
pressor DCC (deleted in colorectal cancer) was necessary for
the latter to exert its pro-apoptotic function in the colon cancer
cell line DLD1(2). Thus, APPL proteins participate in a wide
array of cell signaling pathways, and their role appears to be
highly cell-type specific.
To clarify the physiologic role of APPL, we generated and

characterized anAppl1 knock-outmousemodel. Lest a possible
fetal lethal phenotype be observed, and for studies of tissue

specific roles of Appl1, we targeted the Appl1 allele by a loxP
strategy. To understand how the ubiquitous loss of Appl1
impacts embryonic development, we crossed the Appl1 floxed
mice with EIIA-Cre mice. Surprisingly, the homozygous Appl1
knock-out mice developed normally to adulthood, and loss of
Appl1 had growth factor-selective effects on Akt signaling in
Appl1-null murine embryonic fibroblasts (MEFs).

EXPERIMENTAL PROCEDURES

Generation of Conditional Appl1-deficient Mice—Exon 5 of
the mouse Appl1 gene was chosen for deletion, because its
absence causes a reading frameshift resulting in the predicted
generation of multiple stop codons following exon 4 of the
mRNA. A probe from exon 5 of the Appl1 gene was used to
screen a 129Sv mouse genomic library (Stratagene, La Jolla,
CA). A positive clone containing �15.5 kb of Appl1 genomic
sequence was identified. The 9.3-kb sequence from this clone
encompassing exons 2 to 7 of Appl1was released by restriction
digestion with PvuII, which was then inserted into pBluescript
vector. An oligo with the loxP sequence and an EcoRI site was
inserted into the BamHI site upstream of exon 5. Another loxP
site with the Frt-flanked neomycin-resistance gene (neo) cas-
sette sequence derived from plasmid pK-11/pM-30 was cloned
into the vector downstream of exon 5, between EcoRV and
KpnI sites. The targeting vector was linearized with XhoI and
electroporated into RW4 ES cells. G418-resistant clones were
then screened by Southern blot and PCR analysis. GenomicDNA
from the positive ES clones was digested with XbaI (for the 3�
probe) andAvaI (for the5�probe).These twoprobeswereused for
Southernblotting to identify the correctly targetedES clones. PCR
with specific primers for the neo cassette sequence were used to
confirm homologous recombination (Fig. 1A).

The positive ES clones were injected into C57BL/6 blasto-
cysts, and chimeras were crossed with C57BL/6 mice. Germ
line transmission was verified by PCR and sequence analysis.
The heterozygous Appl1-floxed mice were crossed with FLP
mice to remove the Frt-flanked neo cassette. Then, the Appl1-
floxed, neo-negative mice were crossed with EIIA-Cre mice,
and excision of the floxed allele was confirmed by a specific
PCR. The homozygous Appl1 knock-out mice were subse-
quently generated from these mice. Experiments were per-
formed in the 129Sv background.
Southern Blot Analysis—DNA extraction and electrophore-

sis, gel transfer, and probe labeling were performed according
to standard protocols. For heterozygously floxed Appl1 clones,
the 3� probe distinguished a 12.7-kb band for the wild-type
allele and an 8-kb band for the floxed allele with XbaI-digested
genomic DNA (Fig. 1B). The 5� probe recognized an 11.4-kb
(wild-type allele) band and a 13-kb (floxed allele) band (Fig. 1C).
PCRGenotyping Analysis—Primers surrounding the neo cas-

sette sequence were used to identify the excised neo allele (PCR
product size 470 bp; forward sequence: CTG TTT CAG CTA
GTCTGCATTC; reverse sequence: AGTGCTGGATGTGCT
GAAGC), and the wild-type allele (PCR product size, 715 bp; Fig.
1D). After crossing the targeted mice with the EIIA-Cre mice, a
primer from intron 5 (before loxP; forward: AGCAATACACTA
CCA GAA AAT CTA C), a primer from intron 4 (before loxP;
forward: AAG TGA TAG GGG TCA GAT CC), and a primer
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fromintron4 (after loxP; reverse:TGTGAGTTTATTCTCATT
ATA CAT ACC) were used for genotyping the knock-out allele
(knock-out allele, 315 bp; wild-type allele, 249 bp; Fig. 1E).
Preparation of MEFs—Heterozygous Appl1 knock-out mice

were crossed, and day E13.5 embryos were collected. MEFs
were cultured as described before (22). MEFs at passages 1 to 5
were used for the assays.Akt1�/�MEFswere harvested froman
Akt1 knock-out fetus at day E13.5 (23).
Cell Viability and Proliferation Assay—Cell viability was

measured using a MTS-based CellTiter 96 AQueous Non-Ra-
dioactive Cell Proliferation Assay (Promega, Madison WI).
MEFs at passage 1 were seeded at 3 � 103 cells/well in 96-well
plates. Cells were maintained under normal conditions or
serum starved and treated with HGF at the indicated concen-
trations. OD values at 490 nm were measured at 48 h after
seeding, using a 96-well microplate reader (Bio-Rad). In addi-
tion, cell growth curves were ascertained to measure the cell

proliferation rate. MEFs were
seeded in 24-well plates at 3 � 104
cells/well, and then cells were col-
lected every day for 7 days. The cell
numbers were converted by mea-
suring the total cell protein at A595
using Bradford reagent (Bio-Rad).
Gene Expression Knockdown by

siRNA—Stealth siRNAs against
mouse Appl2 and control siRNAs
were purchased from Invitrogen.
The siRNAs were transfected into
primaryMEFs (100 pg/2� 106 cells)
using Nucleofector Kit MEF2
(Amaxa Inc., Gaithersburg, MD)
and program T-20. In addition, the
same siRNAs were transfected into
3T3 cells by using Nucleofector Kit
R and program U-30. Alternatively,
3T3 cells were transfected with
siRNAs by using Lipofectamine
RNAiMAX reagent (Invitrogen).
Cells were used for experiments
72 h after transfection.
GrowthFactorStimulation—MEFs

(3 � 105) were plated in 60-mm
dishes and then incubated overnight.
Cellswere initially starvedby incubat-
ing in DMEM supplemented with
0.05% FBS for 16 h, followed by stim-
ulationwith 10%FBS or the indicated
growth factors (EGF, insulin, and
HGF; R&D Systems, Minneapolis,
MN).Alternatively, cells were starved
for 30 min and treated with growth
factors.
Western Blot Analysis—Total tis-

sue or cellular protein was extracted
by using 1� cell lysis buffer supple-
mented with 2 mM phenylmethyl-
sulfonyl fluoride (Cell Signaling

Technology, Danvers, MA). Cell debris was removed by centri-
fuging at 15,000 � g for 15 min at 4 °C. Protein concentration
was determined using Bradford reagent. Then 50 �g/well of
proteinswere loaded intoTris glycine-buffered SDS-PAGEgels
(Invitrogen). Separated protein was then transferred onto poly-
vinylidene difluoride membranes (Millipore, Billerica, MA).
Antibodies against Appl1, p-Akt, Akt1, Akt2, Akt3, p-Gsk3,
Gsk3, p-Tsc2, Tsc2, p-S6k, S6k, p-MET, Met, PARP, cleaved
Caspase 3, Caspase 6, and Caspase 7 were purchased from Cell
Signaling. Antibodies against Appl1, Appl2, glyceraldehyde-3-
phosphate dehydrogenase, QM, cleaved Caspase 9, and �-actin
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Density of protein signal was quantified by using Alpha-
EaseFC (Alpha Innotech Corporation, CA).
Co-immunoprecipitation—ExactaCruz IP kits were pur-

chased fromSantaCruzBiotechnology. In brief, 1mg of protein
lysates were pre-cleared with beads and then incubated with IP

FIGURE 1. Conditional targeting of the murine Appl1 gene. A, diagram of Appl1 locus and targeting vector
showing the position of probes (5� probe and 3� probe) used for Southern blotting. B, Southern blot analysis of
ES cell DNA used to identify correctly floxed clones by using the 3� probe. F, floxed allele. C, Southern blot
analysis using the 5� probe. D, PCR genotyping (using primers 3 and 4) of tail DNA from mouse in which neo
cassette has been removed. E, PCR genotyping (using primers 1, 2, and 4) of tail DNA from mouse in which
Appl1 exon 5 has been excised. Primers used in D and E correspond to sites shown in A.
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matrix-antibody overnight in a cold room on a rotator. Beads
werewashed three timeswith lysis buffer and then resuspended
in 2� loading buffer for electrophoresis. To analyze the per-
centage of Akt-Appl1 complex in a total cellular Akt or Appl1
pool, a semi-quantitative approach was adopted (24). To deter-
mine the percentage of the Appl1-associated Akt, 5% IP-Akt
was loaded along with IP-Appl1 in a Western blot and probed
with anti-Akt antibody. Similarly, the reciprocal IP was used to
determine the amount of Akt-bound Appl1.
Plasmid Construction and Retroviral Infection of MEFs—

HA-tagged human APPL1 cDNA was released from pcDNA3
(1) and blunt end-ligated into pMSCV (Clontech, Mountain
View, CA) at the HpaI site. Tandem affinity purification (TAP)
sequence was excised from pcDNA4/TO/TAP at KpnI and
XhoI sites and semi-blunt-end ligated into pMSCV at BglII and
XhoI sites (25). Mouse Appl1 and Appl2 full-length cDNAs
were amplified using Pfx (Invitrogen) and cloned into pMSCV-
Tap vector (Appl1 forward, CCT TCG CCA CGA TGC CGG;
reverse, TAC GCT GTG CCA CAT CCC AGG G; Appl2 for-
ward, CCG CCG TGG ACA AGC TCC TGC, reverse, AAT
GAG TTA TGC TTC AGA TTC TGC GCC). Retroviruses
were produced by co-transfecting 293T cells with pEcoPac.
Supernatant was collected after 24 h, and MEFs were infected
for 5 h at a multiplicity of infection of 1.

Transwell Migration Assay—Cell
mobility was measured using a Boy-
den chamber assay. In short, cell
migration was determined by tran-
swell mobility through a 0.8-�mPET
membrane (BD Bioscience). Alterna-
tively, cell invasion was measured by
transwell mobility through Matrigel
(BD Bioscience). HGF or EGF was
used as a chemoattractant in the
lower chamber. After 22 h, cells that
hadmigrated through themembrane
were stained with Diff-Quik stain
(DadeBehring, Inc.,Newark,DE) and
counted.

RESULTS

Appl1 Is Ubiquitously Expressed
and Associated with Akt Family
Members in Mouse Tissues—We
examined the expression patterns of
Appl1 protein in multiple tissues,
with the goal of subsequently pre-
dicting where the effects of Appl1
lossmight bemost obvious inAppl1
knock-out mice (supplemental Fig.
S1A). By using an antibody recog-
nizing the COOH-terminal end of
the Appl1 protein, we found that
Appl1 expression is expressed
ubiquitously and at similar levels
in most tissues, except for the
kidney, which had very low
Appl1 protein expression. We also

probed membranes containing proteins from various tissues
with antibodies against Appl1-interacting proteins Akt1, -2,
and -3, and Akt1 and Akt2 exhibited an expression pattern
similar to that of Appl1 (supplemental Fig. S1B). Akt1 was
found to interact with Appl1 in most tissues, as shown by
co-immunoprecipitation (co-IP), suggesting that certain
modifications may be required for tissue-specific interaction
(Fig. 2A). Akt1was also found to bind toAppl2 in a pattern similar
to which it binds to Appl1. To address the nature of themodifica-
tion of the Appl1 protein in different tissues, we used phosphory-
lation-specific and acetylation-specific antibodies for co-IP. As
expected,Appl1was phosphorylated and/or acetylated in a tissue-
specific manner, suggesting different cellular roles (Fig. 2A).

The specificity of Appl1 binding to Akt1/2/3 was unambigu-
ously proven by using wild-type MEFs and Appl1�/� MEFs in
an IP experiment (Fig. 2B). Similarly, the use of MEFs from
wild-type andAkt1/2 double knock-outmice demonstrated the
specificity of the interaction between Appl1 and Akt (Fig. 2C).
Generation of Conditionally Targeted Appl1 Mice—The

loxP/Cre strategy was adopted to develop conditional Appl1
knock-out mice (Fig. 1A). In brief, exon 5 of theAppl1-targeted
allele was flanked by a pair of loxP sites by homologous recom-
bination in ES cells. The positive ES cells were screened by PCR,
and the correctly targeted ES clones were further identified by

FIGURE 2. A, Akt1 binds to Appl1 and Appl2 in a tissue-specific manner. Akt1 interacts with Appl1 in multiple
tissues as demonstrated by using co-immunoprecipitation/immunoblot analysis. Akt1 and Appl2 also interact
in various tissues. Co-IP also identifies tissue-specific phosphorylation and acetylation of the Appl1 protein,
using phosphotyrosine (PY100)- and lysine acetylation (K-Ac)-specific antibodies. B, co-IP in wild-type and
Appl1 knock-out MEFs. Akt1/2/3 were immunoprecipitated, and Western blot analysis was performed to detect
Appl1. C, co-IP in Akt1/2 double knock-out (DKO) MEFs. Akt1 and Akt2 were immunoprecipitated, and immu-
noblotting (IB) was performed to detect Appl1.
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Southern blot analysis (Fig. 1, B and C). Chimeric mice were
then generated, and the heterozygous loxP-Appl1 exon 5-loxP-
Frt-neo-Frt mice were first crossed to FLP mice to remove the
neo sequence (Fig. 1D). Then, the floxed Appl1 mice were
crossed to EIIA-Cre mice to delete exon 5 of the Appl1 gene
(Fig. 1E). Although the mutant mRNA is stable as shown by
semi-quantitative reverse transcription-PCR (supplemental
Fig. S2A), the loss of exon 5 causes a reading frameshift that
generates multiple stop codons after exon 4 of the messenger
RNA and is predicted to produce a N� Appl1 protein of 97
amino acids of �11 kDa.
Appl1 Is Dispensable for Embryonic and Postnatal Develop-

ment as well as Akt Signaling in Tissues—The heterozygous
Appl1 knock-out mice were crossed to obtain homozygous
knock-out pups. Unexpectedly, mice with complete loss of Appl1
were viable, with no visible abnormality observed. At birth, pups
hadanormalMendeliandistributionof�/�,�/�,and�/�geno-
types (Table 1). Moreover, pups at different postnatal stages
thrived and developed normally, with no difference in gross body
weight comparedwithwild-type littermates (Fig. 3,A andB). Fur-
thermore, 3-month-oldmicewith eachof the three genotypes had
similar organ weights (Fig. 3, C and D). Moreover, reproductive
function also did not appear to be affected, as the litter sizes from
the different mating sets were virtually identical (Table 2). To
assess the effect of Appl1 loss on the hematopoietic system,
peripheral blood was analyzed. No obvious defect was found in
blood fromAppl1-null mice (supplemental Table S1).
To evaluate the in vivo role of Appl1 on Akt stability and

activation, various adult mouse tissues from wild-type,
Appl1�/�, and Appl1�/� mice were subjected to immunoblot-
ting. Akt1 protein level in various tissues was stable regardless
of Appl1 loss, suggesting that binding of Appl1 to Akt does not
affect its half-life (supplemental Fig. S2B). On the other hand,
no compensating up-regulation ofAppl2was observed (supple-
mental Fig. S2B). To further validate that this model is an
authenticAppl1 knock-out, we compared itwith anotherAppl1
knock-out model in which Appl1 exon 1 is disrupted by a
GeneTrap strategy and has no detectable Appl1 mRNA (data
not shown). Antibodies against the amino terminus, midpor-
tion, and carboxyl terminus of Appl1 did not detect Appl1 pro-
tein of any length in mouse tissues from these two knock-out
mouse models, indicating they are true Appl1-null models
(supplemental Fig. S2C). These findings also suggest that theN�
Appl1 protein, if produced, is unstable, because it is not detect-
able. The levels of phosphorylated Akt and Erk varied in adult
mice due possibly to individual biological rhythms (data not
shown). This can be explained, because Akt signaling serves as
a circadian output (26). Therefore, we isolated tissues from
multiple embryos at E18.5 days from the same pregnantmouse.
Surprisingly, the levels of phosphorylated Akt, as detected with
phospho-specific antibodies against Akt Thr-308 and Ser-473,

as well as phosphorylated Gsk3� and p70 S6k in the organs
tested, including brain, heart, lung, and liver, did not any show
consistent variation among fetuses with different Appl1 geno-
types (Fig. 3, E and F, and supplemental Fig. 3S, A–C).
Appl1 Is Not Required for Cell Proliferation under Normal

Culture Conditions—To investigate the effect of Appl1 loss on
cellular function, wild-type, Appl1�/�, and Appl1�/� MEFs
from E13.5-day embryos were isolated. MEFs were seeded in
6-well plates and collected every 24 h for 7 days. Proliferation of
primaryMEFs fromAppl1�/� andAppl1�/�was similar to that
ofwild-typeMEFs (Fig. 4A). Expression ofAkt1, Akt2, andAkt3
proteins as well as phosphorylated Akt was unaltered in
Appl1�/� andAppl1�/�MEFs comparedwith that inwild-type
cells (Fig. 4B). In another experiment, we found that the half-
life of Appl1 inMEFs fromAkt1�/�,Akt2�/�, orAkt1/2 double
knock-outmice did not differ from that of wild-typeMEFs (Fig.
4C). Because Appl1 and Appl2 can bind to Akt in a similar
manner (Fig. 2A), it is likely that the role of Appl1 is fully com-
pensated by the presence of Appl2.
To further validate the redundant role played by Appl1 and

Appl2, we performed a co-IP assay to identify additional Appl-
binding proteins at the endogenous level. Because the available
Appl2 antibody works better on human samples, we chose
HEK293T cells aswell as humanovarian cancer cell linesA2780
and IGR-OV1 for protein extraction. Although the APPL1/
APPL2 protein ratio is different in cell lines from different tis-
sues, APPL2, like APPL1, binds to AKT1, AKT2, and AKT3
(supplemental Fig. S4). Moreover, APPL1 and APPL2 bind
weakly to GSK3� and TSC2, two major substrates of AKT.
However, APPL1 and APPL2 did not associate with each other,
nor did either bind to phosphorylated AKT. Also, no binding to
mammalian target of rapamycin or ERK was detected.
Appl1 Loss Attenuates Akt Activation in a Growth Factor-

specific Manner—To dissect the significance of the interaction
between Appl1 and Akt, we performed growth factor stimula-
tion studies. Wild-type and Appl1 knock-out MEFs were
starved in DMEM with 0.05% FBS for 16 h and then incubated
with freshmedium containing 10% FBS for 5–60min.Western
blot analysis was performed to detect p-Akt, Akt1, Akt2,
p-Gsk3�, Gsk3�, and glyceraldehyde-3-phosphate dehydro-
genase. Phospho-Akt (Ser-473 andThr-308) levels at early time
points were slightly lower in Appl1�/� MEFs. We also noted a
slight difference in the phosphorylation level of the down-
stream target Gsk3� (supplemental Fig. S5A). We next tested
for changes in Akt activation following growth factor stimula-
tion. By incubating MEFs in medium under low serum condi-
tions, Akt phosphorylation was suppressed within 90 min, but
to our surprise returned to elevated levels after 3–16 h. Mean-
while, phosphorylation of p42/44 ERK remained suppressed
(supplemental Fig. S5B). This unexpected reactivation of Akt
may be due to a cell rescue response in MEFs, as complete
serum deprivation triggers a stronger response that involves
both Akt and Erk activation (supplemental Fig. S5C). More-
over, the Akt pathway inhibitor LY294002 and the ERK path-
way inhibitor PD98059 accelerate serum starvation-induced
apoptosis, as demonstrated by reduced cell viability, enhanced
activation of caspase 9, 3, 6, and 7, as well as PARP cleavage
(supplemental Fig. S5, D–F). No caspase 8 cleavage was

TABLE 1
Genotypic analysis of offspring from 27 Appl1�/� x Appl1�/� crosses

Gender Wild-type Heterozygous (�/�) Homozygous (�/�)

Female 30 (28%) 56 (52%) 22 (20%)
Male 22 (22%) 51 (50%) 29 (28%)
Combined 52 (25%) 107 (51%) 51 (24%)
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detected, indicating that serum starvation causes cell death
through an intrinsic apoptotic pathway.
Therefore, we choose 30 min starvation in DMEM contain-

ing 0.05% FBS before growth factor addition. After starving the
cells for 30 min, wild-type and Appl1�/� MEFs were treated
with insulin (Fig. 5A), HGF (Fig. 5B), or EGF (supplemental Fig.
S5G) at the indicated concentrations. Loss of Appl1 expression
was found to cause a slight reduction in EGF-triggered Akt
activation (phosphorylation of Thr-308 and Ser-473) and its
activity on Gsk3�, but Appl1 loss did not appear to have an
effect on insulin-induced Akt activation. Interestingly, Akt
activation was apparently and consistently compromised in
Appl1�/� cells upon stimulation with HGF, as was phosphory-
lation of downstream Gsk3�, Tsc2, and p70 S6K (Fig. 5B and
data not shown).
Appl1 Facilitates HGF-induced Akt Activation—Because the

p-Akt levels induced by 10% FBS and 20 ng/ml of EGF or 50
ng/ml of insulin was much higher than that induced by 20
ng/ml of HGF (Fig. 6, A and B), we questioned whether Appl1
plays a critical role in low level Akt activation. To address this
possibility, we treated starved MEFs with EGF, insulin, and/or
HGF at various concentrations. Medium to high concentra-
tions of insulin (2.5 and 25 ng/ml) robustly triggered Akt acti-
vation, whereas low concentrations (25 and 250 pg/ml) of insu-
lin did not (Fig. 6C). The same phenomenon was observed with
EGF (supplemental Fig. S6), suggesting that insulin-like growth
factor receptor/InsR and EGFR signaling require a higher
threshold for activation and tend to trigger only strong activa-
tion of Akt. Intriguingly, HGF can induce weak Akt activation
at awide range of concentrations (10 pg/ml, 100 pg/ml, 1 ng/ml,
and 10 ng/ml; Fig. 6D), suggesting that the HGF receptor, Met,
has a low activating threshold in MEFs. Moreover, HGF-in-
duced p-Akt levels were consistently weaker in Appl�/� MEFs
than in wild-type MEFs. This effect was not caused by facilitat-
ing Met autophosphorylation; moreover, Appl1 does not bind
to Met, nor does Appl1 deficiency cause reduced Met protein
levels (data not shown). Our data implies that Appl1 facilitates
activation of Akt induced by weak upstream signaling from
Met. This effect may not be necessary or may be masked when
strong upstream signals are transduced from receptors such as
EGFR and insulin-like growth factor receptor/InsR, which trig-
ger abundant activation of Akt.

Limited Amounts of Appl1 or Appl2 Proteins Are Bound to
Akt—To shed further light on the growth factor-selective role
of Appl1 in Akt activation, we next performed semi-quantita-
tive co-IP betweenAppl1 andAkt inmouse brain andMEF cells
(Fig. 7A). Not surprisingly, only trace amounts of Akt were
associated with Appl1. In brain, only 0.4% of Akt was found to
bind to Appl1, and 1.9% of Appl1 was bound to Akt (Fig. 7, B
andC). Similarly, inMEFs, only 0.4% of Akt binds to Appl1, and
only 0.4% of Appl1 binds to Akt. These findings appear to
downplay the significance of the effect of Appl1 on Akt. In fact,
upon stimulation with 10% FBS, �5% of total cellular Akt was
activated, whereas only�0.3% ofAktwas phosphorylated by 20
ng/ml of HGF after 10min (Fig. 7,D and E). Interestingly, upon
HGF stimulation, the Appl1-bound Akt amount was reduced,
but not abolished. The binding-dissociating kinetics might
enable Appl1 to bind to new native Akt (Fig. 7, F and G). Col-
lectively, our data suggest that the limited amount of Appl1 and
Akt that forms a complex may reside in certain cellular com-
partments that facilitateAkt activation onlywhen the upstream
signal is weak.
Appl Proteins Are Not Required for MEF Survival under Nor-

mal Culture Conditions—The possible redundancy between
the two Appl proteins may account for the normal phenotype
seen in Appl1�/� mice and the grossly normal signal transduc-
tion observed in Appl1-null cells. Because Appl2 knock-out
mice are not yet available to test this notion in vivo, we used an
RNA interference approach to knock down Appl2 in Appl1�/�

MEFs. Three siRNA against mouse Appl2 were first tested on
NIH 3T3 cells stably expressing TAP-tagged mouse Appl2,
because the available Appl2 antibody does not recognize
endogenous Appl2 in MEFs. All three oligos effectively
depleted TAP-Appl2 protein as well as its mRNA (Fig. 8A and
supplemental Fig. S7, A and B). These siRNAs were then
nucleofected into primary wild-type and Appl1�/� MEFs and
showed similar knockdown efficiency on endogenous Appl2
mRNA (supplemental Fig. S7C). Surprisingly, Appl1�/� MEFs
in which Appl2 was knocked down proliferated normally, as
shown by the MTS assay (Fig. 8B). Moreover, Appl2 knock-
down did not affect cell cycle progression or bromodeoxyuri-
dine incorporation of Appl1�/� cells (supplemental Fig. S7D
and data not shown). The fact that Appl is dispensable for cell
survival is understandable, however, given that the activation
pattern of Akt is apparently unaltered in Appl1-null/Appl2
knockdown cells compared with that observed in control-
transfected cells after EGF stimulation (Fig. 8, C and D). We
next usedHGF to stimulate these cells, questioningwhether the
HGF/Met signaling pathway would be more attenuated by
Appl2 knockdown. As predicted, Appl1�/� MEFs in which
Appl2was knocked down with siRNA had weaker activation of
Akt and downstream Tsc2 upon addition of HGF than did

FIGURE 3. Appl1-null mice show normal postnatal development as well as Akt signaling. A, weights of male wild-type, Appl1�/�, and Appl1�/� pups at 1,
1.5, 2, 2.5, 3, and 4 months of age. B, weights of female wild-type, Appl1�/�, and Appl1�/� pups at different postnatal times. For each bar, measurements were
obtained from 3 to 19 mice. C and D, weights of brain, heart, liver, lung, spleen, kidney, and testis from male (C) and female (D) wild-type, Appl1�/� and Appl1�/�

mice, each at 3 months of age. Error bars indicate S.D. E, fetal brain, lung, heart, and liver from one litter at E18.5 were homogenized and submitted to
immunoblot analysis of Akt1/p-Akt and Gsk3�/p-Gsk3�. F, the signal density of phosphorylated Akt at Thr-308 and Ser-473 was quantified and normalized to
that of the total Akt. Also, the relative Akt activity on Gsk3� and p70 S6k was quantified and normalized.

TABLE 2
Litter sizes from matings of Appl knock-out mice and wild-type
littermates

Mating set Litter size (mean � S.D.) Number of litters

�/� x �/� 8.2 � 1.67 18
�/� x �/� 7.37 � 1.87 29
�/� x �/� 8 � 2.54 10
�/� x �/� 7.25 � 1.9 8
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Appl1-null MEFs transfected with
control siRNA (Fig. 8, E and F, and
data not shown). Similarly, Appl2
knockdown also reduces HGF-in-
duced Akt activation in wild-type
MEFs (supplemental Fig. S7, E and
F). Thus, although Appl1 and Appl2
are functionally redundant under
certain circumstances, they are dis-
pensable for cell survival under nor-
mal culture conditions.
Appl1-null Cells Have a Defect

in HGF-induced Cell Migration,
Which Can Be Rescued by Human
APPL1 cDNA—An HA-tagged
human full-length APPL1 cDNA,
a TAP-tagged mouse full-length

FIGURE 4. Appl1 knock-out MEFs have normal cell proliferation rate and Akt signaling under normal
culture conditions. A, cell proliferation in primary wild-type, Appl1�/�, and Appl1�/� MEFs cultured in
DMEM with 10% FBS. Cells were collected daily and counted. B, immunoblot analysis of Akt1/2/3 and p-Akt
in the same set of MEFs at passage 1. C, Appl1 protein levels in Akt1�/�, Akt2�/�, and Akt1/2 double
knock-out (DKO) MEFs.

FIGURE 5. Loss of Appl1 has growth factor-dependent effects on Akt activation in MEFs. A, wild-type and Appl1-null MEFs were starved with DMEM
containing 0.05% FBS for 30 min and then treated with 50 ng/ml of insulin, or B, 20 ng/ml of HGF for the indicated time. Expression of phosphorylated Akt (at
Thr-308 and Ser-473) and total Akt as well as p-Gsk3� and total Gsk3� was determined by immunoblotting and quantified.
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Appl1 cDNA, and a TAP-tagged mouse full-length Appl2
cDNA were individually transduced into Appl1�/� MEFs
through retroviral infection. The p-Akt level was not altered in
wild-type cells overexpressing Appl1 or Appl2 under standard
culture conditions (Fig. 9A). To determine whether re-expres-
sion ofAppl1 can rescue theAppl1 phenotype uponHGF stim-

ulation, wild-type, Appl1�/�, and the rescued Appl1�/� MEFs
were serum starved for 30min, followed by stimulation with 10
ng/ml of HGF. Activation of Akt was largely restored in
Appl1�/� MEFs expressing either human APPL1 or mouse
Appl1 (Fig. 9, B and C). Interestingly, overexpression of the
TAP-tagged mouse Appl2 also restored phospho-Akt levels to

some extent. These findings suggest
that Appl1 and Appl2 have redun-
dant roles under these conditions.
To measure HGF (10 ng/ml)-in-
ducedMEF cellmigration, a Boyden
chamber assay was used. Appl1�/�

cells showed reduced transwell
migration, which was rescued by
reintroduction of the humanAPPL1
cDNA. Moreover, Appl2 knock-
down further decreased the mobil-
ity of Appl1�/� cells. Furthermore,
HGF-triggered MEF migration was
found to be Akt dependent in that
LY294002 completely abolished
transwell movement (Fig. 9D and
supplemental Fig. S8). On the other
hand, cell migration was only
slightly affected in Appl1�/� cells
stimulated with 10 ng/ml of EGF
(supplemental Fig. S8).
Appl Proteins Are Required for

HGF-induced Cell Survival—Be-
cause HGF can activate Akt at low

FIGURE 6. Appl1 facilitates low level activation of Akt upon HGF stimulation. A, MEFs were starved with
medium containing 0.05% FBS for 30 min and then incubated for 10 min in medium containing 10% FBS, 50
ng/ml of insulin, 20 ng/ml of EGF, or 20 ng/ml of HGF to activate Akt. B, relative level of phosphorylated Akt was
quantified. C and D, effect of various concentrations of different growth factors on the activation of Akt.
Serum-starved MEFs were treated with insulin (D) (25 pg/ml, 250 pg/ml, 2.5 ng/ml, and 25 ng/ml, or HGF (E) (10
pg/ml, 100 pg/ml, 1 ng/ml, and 10 ng/ml).

FIGURE 7. Only low amounts of Akt bind to Appl1. A, co-IP was performed to determine the relative amount of Akt-Appl1 complex in wild-type brain and MEF
cells, using a semiquantitative assessment. B, percentage of Appl1 bound to Akt in brain and MEF cells. C, percentage of Akt bound to Appl1. D, amount of Akt
activation induced by 10% FBS or 20 ng/ml of HGF in MEFs 10 min after treatment, as determined by IP. E, percentage of Akt activation triggered by FBS or HGF
in MEF cells. F and G, the amount of Appl1-bound Akt under serum starvation conditions or following stimulation with HGF for 10 min. IB, immunoblot.
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concentrations (Fig. 6D), wewanted to investigate the significance
of the HGF-Appl-Akt link in cell survival under rigid conditions
with sparse growth factors.Wild-type, Appl-null, andAppl1-null/
Appl2 knockdown MEFs were incubated in serum-free medium
or serum-free medium supplemented with 100 pg/ml of HGF.
After incubating for 24 h, Appl1-null cells showed impaired sur-
vival.Moreover,Appl1-null/Appl2knockdowncells showeda fur-
ther decrease in their response to HGF (Fig. 10A).
Cell viability correlates with cellular apoptotic events. Three

executioner caspases (3, 6, and 7) are actively cleaved during
apoptosis, which is inversely correlated with the level of active
Akt induced by HGF (Fig. 10B and supplemental Fig. S9A). On
the other hand, the reintroduction of human APPL1 cDNA
restored HGF-induced cell survival in Appl1�/� cells (Fig.
10C). These cells show increased Akt activity and attenuated
apoptotic events such as caspase cleavage (Fig. 10D). The pro-
survival effect of Appl is possibly through the Akt pathway,
because inhibition of Akt by 5�MLY294002 reversed theHGF-
sustained cell survival in all cell types tested (Fig. 10, A and D).

To determine whether Appl1 itself participates in apoptotic
pathways, wild-type and Appl1�/� cells were treated with UV
to inflict DNA damage, tumor necrosis factor � to trigger an
extrinsic apoptosis pathway, or tunicamycin to initiate ER
stress-induced cell death. No difference was observed between
the two cell types (supplemental Fig. S9B). Similarly, UV expo-
sure induced similar levels of p53 activation, caspase 3 cleavage,
and PARP cleavage in wild-type and Appl1-null cells (supple-
mental Fig. S9C).

DISCUSSION

The APPL adaptor protein family is comprised of two struc-
turally homologous members, i.e.APPL1 and APPL2. Our data
indicate that Appl1 expression is widely distributed in various
mouse tissues, suggesting that this protein is involved in certain
broadly relevant cellular events. Appl2 exhibits a similar tissue
distribution to that of Appl1, suggesting that these related pro-
teins may have at least partially redundant roles.We also found
that Appl1 protein is subjected to multiple post-translational

FIGURE 8. Appl2 knockdown fails to affect cell survival or diminish Akt activity in Appl1�/� MEFs under normal culture condition. A, stealth Appl2 siRNAs
were transfected into NIH 3T3 cells stably expressing a TAP-tagged mouse Appl2 cDNA by Nucleofection. The knockdown effect 72 h after transfection was
assessed by Western blotting using anti-Appl2 antibody. B, assessment of cell viability 72 h after transfection of wild-type and Appl1�/� MEFs with Appl2
siRNAs. Cell viability was evaluated by MTS assay. Error bars indicate S.D. C and D, Akt activity in EGF-stimulated Appl1�/� MEFs transfected with Appl2 siRNA.
Cells were serum starved for 30 min and stimulated with 20 ng/ml of EGF, and then lysates were collected for immunoblotting. E and F, immunoblot analysis
of Akt activity in HGF-stimulated Appl1�/� MEFs transfected with Appl2 siRNA.
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modifications, including phosphorylation and acetylation, in a
tissue-specificmanner, suggesting that fine tuning of the role of
Appl1 exists in different types of cells.
APPL1 was first discovered as a binding partner of AKT2 (1).

Such binding was speculated to expedite the membrane
recruitment of AKT2 upon mitogenic stimulation. Subse-
quently, APPL was found to bind to Rab5 in the endosomal
compartment and to bind to the nucleosome remodeling and
histone deacetylase complex, NuRD-MeCP1. Such interactions
are essential for cell proliferation, because knockdown of
APPL1 orAPPL2 by siRNA inHeLa cells causedDNA synthesis
inhibition (6). The same research group also demonstrated a
vital role for Appl in zebrafish. Knockdown of Appl1 or Appl2
by antisense morpholinos in zebrafish triggered massive apo-
ptosis that resulted in embryonic lethality. This was thought to
be due to blockage of Akt signaling to Gsk3 (21).
We had decided to use a conditional knock-out strategy to

circumvent the possibility of embryonic lethality. However, we
found that mice with ubiquitous loss of Appl1 expression were
born at normal Mendelian ratios, and no obvious phenotypic
abnormality in postnatal development was observed. It should
be noted, however, that an effect caused by loss of a gene in
cancer cells may be different from that observed in a mouse
model. For example, AKT2 is amplified in pancreatic and ovar-
ian cancer cells, and knock down of AKT2 inhibits cancer cell
proliferation and tumor growth in vivo (27). However, Akt2 is
dispensable for mouse organogenesis and postnatal growth in

Akt2 knock-out mice, which instead show defects in glucose
homeostasis (28). Interestingly, knock-out ofAkt1 in themouse
results in small body size, and Akt3 knock-out mice have small
brain size (23). This is because Akt1, Akt2, and Akt3 are par-
tially redundant, and Akt1/2, Akt1/3, or Akt2/3 double knock-
out mice have a more profound defect in embryonic develop-
ment and postnatal survival (29). Likewise, because we have
shown thatAPPL1 andAPPL2 share the same binding partners,
the in vivo role of Appl1 could be compensated for by the pres-
ence of Appl2. Moreover, whether APPL is a pro-survival or a
pro-apoptotic factor in cancer cells is still controversial (2). In
lower vertebrates such as zebrafish, Appl1 and Appl2 appear to
have non-redundant roles, because knockdown of either of
these genes results in apoptosis (21), which differs from our
knock-out mouse model. Moreover, unlike in zebrafish, the
level of phosphorylatedAkt andGsk3was unaltered inmultiple
knock-out mouse tissues. These findings suggest that compen-
satory pathways may have evolved in higher mammals.
We have also confirmed the dispensable role of Appl1 for

mouse development and reproduction in anotherAppl1 knock-
outmodel we have recently generated, inwhich exon 1 ofAppl1
is disrupted by a gene trap strategy.6 Although it is unclear why
Appl1 deficiency does not affect phosphorylation of Akt in
mouse tissues, Appl1 is required in a growth factor-selective

6 Y. Tan, H. You, and J. R. Testa, manuscript in preparation.

FIGURE 9. Appl1-null cells show defects in HGF-induced cell migration, which can be rescued by a human APPL1 cDNA expression plasmid. A, Appl1�/�

MEFs were infected by a retrovirus harboring a HA-tagged human APPL1 cDNA, a TAP-tagged mouse Appl1 cDNA, or a TAP-tagged mouse Appl2 cDNA.
Immunoblot analysis was conducted on cells grown under standard culture conditions, and a rabbit anti-Appl1 antibody was used for the detection of Appl1
as well as TAP. B, wild-type (wt), Appl1-null cells, and Appl1-null cells expressing exogenous Appl1/2 were starved for 30 min and then stimulated with 10 ng/ml
of HGF, and then activation of Akt was evaluated by immunoblotting and quantified (C). D, HGF (10 ng/ml)-induced cell migration was measured by Boyden
chamber assay 22 h after seeding (*, p � 0.01; **, p � 0.001). Error bars indicate S.D.
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manner inMEFs. Loss of Appl1 does not have an obvious effect
on serum-, EGF-, and insulin-induced Akt activation in
Appl1�/� MEFs. However, Appl1�/� cells do have compro-
mised Akt activation upon HGF stimulation. Interestingly, Akt
activation by HGF is �10-fold weaker than that triggered by
serum, EGF, or insulin. On the other hand, Akt can be activated
by a low concentration HGF, but not by low levels of EGF or
insulin.Moreover, inMEFs, the amount of activated Akt (0.3%)
induced by HGF approximates the amount of Appl1 bound to
Akt (0.4%), suggesting that Appl1 may only facilitate Akt acti-
vation when the upstream signal is sparse. However, we recog-
nize that MEF cells are not an ideal system to investigate the
function of Appl1 in the Akt signaling pathway. Therefore, it
will be necessary to revisit this signaling link in the future, once
certain functionally differentiated cell types with high Appl1-
Akt interaction are discovered.
The notion that Appl1 andAppl2 are functionally redundant

is strengthened by the fact that these two proteins bind to the
same partners, including all three Akt isoforms, phosphatidyl-
inositol 3-kinase, Gsk3, and Tsc2. To date, more than 30 Akt
substrates have been discovered that mediate the pleiotropic
roles of Akt in cell survival, growth, proliferation, migration,
angiogenesis, and metabolism (30). In future studies, it will be

important to ascertain whether the
three Akt isoforms can traverse to
where different substrates reside
through differentially post-transla-
tionally modified Appl. In addition,
it will be interesting to determine
whether Appl1 and Appl2 have dif-
ferent preferences with regard to
different Akt substrates.
Moreover, we found that deple-

tion of Appl2 could further attenu-
ate the HGF-stimulated activation
of Akt in Appl1 knock-out cells.
Ectopic HGF signaling has been
reported to transformNIH3T3 cells
and promote metastasis in cancer
cells (31). Our data indicates that
Appl1 can augment HGF-induced
cell migration and survival. Intrigu-
ingly, a low concentration of HGF
can prevent serum starvation-trig-
gered cell death, suggesting that
Appl1 is crucial in HGF-regulated
cell survival under harsh conditions
when major growth factors are not
available. Notably, Appl1/2 loss/
knockdown does not adversely
affect cell survival and proliferation
under normal culture conditions
where growth factors are abundant.
Nevertheless, at this time we cannot
rule out the possibility of an effect
on Akt or other signaling pathway
activation that might occur in vivo
in certain adverse environmental

conditions, such as under stress or following stimulation.
Because the interaction between Appl1 and Akt occurs in a
tissue-specific manner, and Appl1 protein itself is subjected
to tissue-specific modifications, in vivo investigations are
needed to determine the role(s) of Appl1 in homeostasis
maintenance.
Also, because of their redundant roles, we predict that

Appl2 knock-out mice will have a normal phenotype. If so, it
will be important to determine whether Appl1/2 double
knock-out mice exhibit pronounced embryonic or postnatal
defects.
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FIGURE 10. Appl proteins are required for HGF-induced cell survival. A, MTS assay was performed to mea-
sure viability of wild-type (wt), Appl1-null, and Appl1-null/Appl2 knockdown MEFs under serum starvation
conditions, starvation followed by HGF (100 pg/ml) supplementation, or starvation with HGF and 5 �M

LY294002 for 24 h (*, p � 0.01). B, apoptotic events triggered by serum starvation as well as Akt signaling were
analyzed by immunoblotting. C, HGF-induced cell survival was measured in wild-type (wt), Appl1-null, and
Appl1-null/HA-APPL1 cells 30 h after incubation. D, caspase activation and Akt signaling analyzed by Western
blotting. Abbreviations: Stv., starvation; f and c, full-length and cleaved PARP; KD, knockdown of Appl2 with
siRNA; H�L, HGF and LY294002.
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