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AIF inhibits tumor metastasis by protecting PTEN
from oxidation
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Guo-Qiang Chen1,3,*

Abstract

Apoptosis-inducing factor (AIF) exerts dual roles on cell death and
survival, but its substrates as a putative oxidoreductase and roles
in tumorigenesis remain elusive. Here, we report that AIF physi-
cally interacts with and inhibits the oxidation of phosphatase and
tensin homolog on chromosome ten (PTEN), a tumor suppressor
susceptible for oxidation-mediated inactivation. More intriguingly,
we also identify PTEN as a mitochondrial protein and the ectopic
expression of mitochondrial targeting sequence-carrying PTEN
almost completely inhibits Akt phosphorylation in PTEN-deficient
cells. AIF knockdown causes oxidation-mediated inactivation of the
lipid phosphatase activity of PTEN, with ensuing activation of Akt
kinase, phosphorylation of the Akt substrate GSK-3b, and activation
of b-catenin signaling in cancer cells. Through its effect on
b-catenin signaling, AIF inhibits epithelial–mesenchymal transition
(EMT) and metastasis of cancer cells in vitro and in orthotopically
implanted xenografts. Accordingly, the expression of AIF is corre-
lated with the survival of human patients with cancers of multiple
origins. These results identify PTEN as the substrate of AIF oxidore-
ductase and reveal a novel function for AIF in controlling tumor
metastasis.
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Introduction

Apoptosis-inducing factor (AIF) was originally described as a mito-

chondrial protein shown to mediate caspases-independent cell death

[1]. Upon an apoptotic insult, AIF undergoes proteolysis and is

released from mitochondrial intermembrane space, then translocat-

ing to the nucleus, where it mediates nuclear morphology of apopto-

sis such as chromatin condensation and large-scale DNA

degradation [2,3]. Beyond its participation in lethal signal transduc-

tion, AIF is also regarded as a protein critical for cell survival and

required for normal development [4]. Biochemically, human AIF is

phylogenetically preserved and structurally homologous to BphA4,

a bacterial oxygenase-coupled nicotinamide adenine dinucleotide

(NADH)-dependent ferredoxin reductase that has a fold similar to

enzymes of the eukaryotic glutathione reductase family [5]. AIF

contains two flavin adenine dinucleotide (FAD)-binding domains

(residues 128–262 and 401–480), a putative NADH-binding domain

(residues 263–400), and a C-terminal domain (residues 481–608)

[1]. The oxidoreductase activity of AIF was reported to be absolutely

required for mitochondrial energy production and optimal function

of the respiratory chain [2]. However, its specific enzymatic func-

tions remain greatly unknown. On the other hand, it has been

widely accepted that resisting cell death and reprogramming cell

survival and energy metabolism are among biological capabilities

acquired during the multistep development of human tumors and

play important roles in tumorigenesis [6]. Therefore, we hypothe-

sized that the death and survival-related AIF should exert some

roles in the pathogenesis of cancers.

The tumor suppressor gene PTEN (phosphatase and tensin

homolog on chromosome ten) plays a critical role in maintaining

normal cell activities. It belongs to the tyrosine phosphatase family,

but its most prominent role pertains to its lipid phosphatase activity

with phosphatidylinositol 3,4,5 trisphosphate (PIP3) as its primary

substrate. Since PIP3 is the main cellular product of the class I phos-

phoinositide 3-kinases (PI3K), PTEN is capable of antagonizing PI3K

activity and negatively regulates the PI3K–Akt signaling pathway

[7]. The normal activity of PTEN depends on the presence of a

highly reactive cysteine (Cys) residue, which is prone to be oxidized

[8]. Both endogenous hydrogen peroxide (H2O2) and exogenous

hydrogen peroxide (H2O2) have been shown to cause oxidation of

Cys124 in the catalytic center of PTEN to form a disulphide bond

with Cys71, thereby leading to the reversible inactivation of PTEN

phosphatase activity, followed by the increase in Akt phosphoryla-

tion [9]. This reversible inactivation of PTEN is commonly seen

in cells treated with growth factors that stimulate peroxide

production, implying that PTEN responds to mitogens through
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reduction–oxidation inactivation. Besides directly oxidizing the Cys

residue of PTEN, recently, it is also reported that reactive oxygen

species (ROS) can inactivate PTEN by indirectly stimulating its

phosphorylation and thus gives rise to the activation of the PI3K/

Akt signaling pathway [10]. Totally, the persistent abnormal reduc-

tion–oxidation status will cause a complete loss of PTEN function.

Therefore, it is important that normal cells develop the mechanisms

to protect PTEN from ROS-induced inactivation or to re-activate the

oxidized PTEN to exert its tumor suppressor function. Although it

was reported that peroxiredoxin 1 (Prdx1) protects PTEN from ROS-

induced inactivation, thereby suppressing oncogenes-induced trans-

formation [11], and the thioredoxin-interacting protein (Txnip) can

re-activate the oxidized PTEN possibly through thioredoxin

nicotinamide adenine dinucleotide phosphate oxidase (NAPDH)-

dependent reduction in the PTEN disulfide [12], the intracellular

mechanisms that protect PTEN from oxidation remain greatly

elusive.

Herein, we provide the first demonstration that AIF physically

interacts with and inhibits the oxidation of PTEN in cancer cells.

Accordingly, the expression of AIF is correlated with the survival of

human cancers of multiple origins, and reduced AIF expression

causes oxidation-mediated inactivation of the lipid phosphatase

activity of PTEN protein together with the activation of b-catenin
signaling in cancer cells, through which AIF inhibits epithelial–

mesenchymal transition (EMT) and metastasis of cancer cells

ex vivo and in orthotopically implanted xenografts.

Results

Direct interaction of AIF with PTEN protein

To explore the potential AIF-interacting proteins, human embryonic

kidney 293T cells were transfected with the empty or Flag-tagged

AIF-expressing plasmids, and cell lysates were immunoprecipitated

(IP) by anti-Flag antibody. The precipitates were separated on SDS–

PAGE, followed by in-gel digestion and LC–MS/MS analysis

(Fig 1A). Totally, 105 AIF-interacting candidates were identified

(data not shown), which included four known AIF-interacting

proteins: X-linked inhibitor of apoptosis (XIAP) [13], E3 ubiquitin–

protein ligase CHIP [14], optic atrophy 1 (OPA1) [15], and mito-

chondrial import factor CHCHD4 [16]. The interactions of AIF with

XIAP and OPA1 were confirmed by co-IP-based immunoblots

(Fig 1B), supporting the specificity and effectiveness of our co-IP

assay. Of great interest, PTEN protein was among these AIF-interacting

proteins, which could also be confirmed by immunoblotting

with anti-PTEN antibody (Fig 1B). To consolidate the AIF–PTEN

interaction, AIF and/or Flag-PTEN, or hemagglutinin (HA)-PTEN

and/or AIF-Flag were exogenously expressed in 293T cells followed

by IP with anti-Flag antibody. The results showed that Flag-PTEN

could pull down the AIF, and AIF-Flag precipitated HA-PTEN

(Fig 1C and D). The interaction between endogenous AIF and PTEN

was also found in colon cancer cell line SW620 cells but not in

PTEN-deficient prostate cancer cell line LNCaP cells (Fig 1E).

Furthermore, glutathione S-transferase (GST) pull-down assay

showed that the in vitro recombinant GST-tagged AIF, but not GST

alone significantly pulled down His-tagged PTEN (Fig 1F), support-

ing a direct interaction of AIF with PTEN.

Domain mapping of AIF–PTEN interaction

To map the domains of PTEN involved in its interaction with AIF,

the Flag-tagged N-terminal fragment with phosphatase activity

(PTEN-N) and C-terminal fragment (PTEN-C) of PTEN (Fig 1G)

were transfected into 293T cells together with AIF, followed by co-IP

with anti-Flag antibody. As depicted in Fig 1H and I, PTEN-N but

not PTEN-C pulled AIF down, and anti-AIF antibody pulled PTEN-N

down but not PTEN-C, proposing the N-terminal phosphatase

domain of PTEN is required for its interaction with AIF protein.

To define the PTEN-binding domain of AIF, the in intro recombi-

nant GST-tagged full-length AIF (AIF-FL) and its three fragments,

including the N-terminal (AIF-N), C-terminal (AIF-C), and middle

(AIF-M) fragments (Fig 1J), were, respectively, incubated with cell

lysates from the Flag-PTEN-N-transfected 293T cells, and GST pull-

down assay revealed that GST-AIF-M corresponding to the oxidore-

ductase domain of AIF, but not GST-AIF-C, most potently pulled

down PTEN-N (Fig 1K, left panel). AIF gene also expresses several

short splice variants such as AIFshort (AIFsh), AIFsh2, and AIFsh3

(Fig 1J), as reviewed [2]. Although an earlier work reported that

most cells and tissues did not express the AIFsh3 [17], our RT–PCR

assays showed that SW620 cells could express AIFsh3 besides AIFsh

and AIFsh2 mRNA (Fig EV1A), and immunoblots with an antibody

specifically against residues 151–168 of AIF, which can detect

AIFsh2 and AIFsh3 besides AIF-FL, showed that SW620 cells and

other several cells expressed AIF-FL, AIFsh2, and AIFsh3 to a dif-

ferent degree, with AIFsh3 protein to a lowest degree (Fig EV1B).

Moreover, full-length AIF and AIFsh2 were localized in the mito-

chondria, while AIFsh3, which is missing the N-terminal mitochon-

drial localization sequence (MLS), mainly expressed in the

cytoplasm of SW620 cells (Fig 1L) [18]. More intriguingly, all three

AIF short isoforms interacted with PTEN-N, assessed by GST pull-

down (Fig 1K, middle panel) and co-IP assays (Fig EV1C). Because

all three short isoforms carry one FAD domain, we further detected

the potential interaction of PTEN-N with FAD1 and/or FAD2

domains-deleted AIF mutants. The results showed that FAD1- or

FAD2-deleted AIF mutant still interacted with PTEN-N, which was

completely lost when both FAD1 and FAD2 were deleted (Fig 1K,

right panel). Collectively, our data propose that two FAD-binding

domains of AIF are required for its interaction with PTEN.

Mitochondrial localization of PTEN

The AIF is synthesized in the cytosol and transported into mitochon-

dria to reside in the intermembrane space where the MLS is

removed [1,2], while PTEN was initially assumed to be exclusively

localized to the cytoplasm and exerts its role as a lipid phosphatase

at the plasma membrane. Although it is well documented that a pool

of PTEN protein is localized to the nucleus and gains new functions

[19], it is controversial whether PTEN is localized in mitochondria,

especially on the outer membrane of mitochondria or intermito-

chondria [20–23]. Therefore, we also continued to decide whether

PTEN is also localized in mitochondria. Toward this goal, we frac-

tionated the cytoplasms of SW620 cells into 12 fractions by 8.5–

60% sucrose gradient. As depicted in Fig 2A, PTEN could be clearly

found in mitochondrial fractions along with AIF and cytochrome c

oxidase-IV (Cox-IV). In line with the fact, PTEN could also be found

in mitochondria fractions of SW620 and DU145 cells purified by
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ultracentrifugation in a density gradient medium of iodixanol

(Fig 2B). Further, the purified mitochondria were incubated with

trypsin and/or Triton X-100, as trypsin only digests outer

membrane proteins and contaminating cytosolic proteins due to

mitochondrial membrane protection which is disrupted by the

presence of Triton X-100. The results showed that Bcl-XL, which is

localized on the outer membrane of mitochondria, was degraded,

whereas PTEN was resistant to trypsin, like mitochondria-resided

AIF and mitochondrial complex I subunit NADH–ubiquinone

oxidoreductase 30 kDa subunit (Ndufs3). When trypsin was added

A B C D
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Figure 1. AIF and its isoforms interact with PTEN.

A Workflow for identification of AIF-interacting proteins.
B–D 293T cells were transfected with AIF-Flag and HA-tagged XIAP (B), AIF and Flag-tagged PTEN (C), or Flag-tagged AIF and HA-tagged PTEN (D). Co-IP was performed

with M2 beads followed by Western blots for the indicated proteins. Note: Input blot in (C) was initially detected with a rabbit anti-AIF antibody followed by HRP-
conjugated anti-rabbit IgG. Then, the blot without stripping was used to detect Flag-PTEN with a mouse anti-Flag antibody followed by HRP-conjugated anti-
mouse IgG.

E Cell lysates from LNCaP and SW620 cells were immunoprecipitated with anti-PTEN antibody, and precipitates/input were detected by Western blots.
F Bacterially expressed GST or GST-AIF protein was incubated with His-PTEN, followed by GST pull-down and Western blots for His and GST. The empty arrowhead

points to a non-specific band.
G–I Schematic illustrations of PTEN fragments (G). Flag-PTEN-N or Flag-PTEN-C were transfected into 293T cells together with AIF, followed by co-IP with M2 beads

(H) or anti-AIF antibody/IgG (I). The precipitates were detected by Western blots. The empty arrowhead points to a non-specific band. PPase, phosphatase.
J Schematic illustrations of AIF fragments, isoforms, and deleted mutants. MLS, mitochondrial localization signal; IMSS, intermembrane space-targeting signal.
K GST alone or GST fusion proteins were incubated with extracts prepared from 293T cells transfected with Flag-PTEN-N, and GST pull-downs were analyzed by

Western blots with antibodies against Flag and GST. Arrows point to the indicated GST or GST fusion proteins.
L SW620 cells were separated into cytosol (Cyto) and mitochondria (Mito) fractions, followed by Western blots. The empty arrowhead indicates an unknown band.
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to mitochondria in the presence of Triton X-100, all of these

proteins were degraded (Fig 2C). To consolidate that PTEN is an

intramitochondrial protein, immunoelectron microscopy assay was

performed with an antibody specifically against PTEN with non-

related IgG as a negative control. As depicted in Fig 2D and E, the

anti-PTEN antibody could label mitochondria besides cytosol and

nuclei within intact SW620 cells. The specific staining of PTEN

could also be seen in isolated mitochondria from SW620 cells

(Fig 2F) and mitochondria within freshly harvested mouse cardiac

muscle (Fig 2G). Thus, all these data strongly support that PTEN is

also a mitochondrial protein.

Oxidoreductase activity of AIF on PTEN

Then, we transfected a mitochondrial targeting sequence-carrying

PTEN (mito-PTEN) into PTEN-deficient prostate cancer PC3 cells.

As depicted in Fig 3A, all mito-PTEN protein was localized into

mitochondria, as assessed by co-localization with mitochondrial

protein Cox-IV. More intriguingly, the ectopically expressed mito-

PTEN was capable of significantly inhibiting Akt phosphorylation

(Fig 3B), suggesting that mitochondrial PTEN can signal to Akt.

Mitochondria are an important source of ROS during ATP produc-

tion, while PTEN is easily inactivated by oxidation. In particular, a

key hallmark of cancer cells is unrestrained growth [6]. Because

ROS generation is a by-product of cell growth, cancer cells sustain

a much higher level of ROS production compared to normal cells,

and thus, it was believed that cancer cells are characterized with

high status of oxidative stress [24,25]. Therefore, we attempted to

investigate whether and how AIF regulates PTEN. Consistent with

the previous report [8], bacterially expressed PTEN was oxidized to

different extent including a band around 70 kDa during the in vitro

purification so that the reduced form of PTEN (~60 kDa) was

barely detectable under non-reducing condition (Fig EV2A and B).

Upon exposure to exogenous H2O2, these in vitro purified PTEN

appeared to be highly oxidized, with the disappearance of the

oxidized band around 70 kDa under non-reducing condition

(Fig EV2B), for which a potential explanation could be aggregation

of oxidized forms that is exacerbated in the presence of H2O2 to an

extent where the oxidized PTEN was difficult or no longer entered

the gel. However, dithiothreitol (DTT) treatment resulted in the

A E
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C

Figure 2. PTEN is also a mitochondrial protein.

A Cytoplasms of SW620 cells were fractionated by 8.5–60% sucrose gradient centrifugation, and the resultant fractions were analyzed by Western blots for proteins
as indicated.

B The cytosol and mitochondria (mito) were fractionated from SW620 and DU145 cells by ultracentrifugation in a density gradient medium of iodixanol, and the
expressions of proteins as indicated in whole-cell lysates and fractions (containing 5 lg of protein each) were examined by Western blots.

C The purified mitochondria of SW620 and DU145 cells were treated with 0.25 lg/ll trypsin and/or 1% Triton X-100 (TX), followed by Western blots for the proteins
as indicated.

D SW620 cells labeled with anti-PTEN antibody were stained with gold-conjugated secondary reagent and analyzed by electron microscopy. Cyto, cytosol; Mito,
mitochondria.

E–G Mitochondrion in intact SW620 cells (E), isolated mitochondrion from SW620 cells (F), and mitochondria in mouse cardiac muscle (G) labeled with anti-PTEN
antibody or IgG were stained with gold-conjugated secondary reagent and observed by electron microscopy.
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appearance of a single band of ~60 kDa PTEN (Fig EV2A). The fact

that the putative oxidoreductase domain of AIF interacts with the

phosphatase domain of PTEN prompted us to ask whether AIF

regulates the redox state of PTEN. Indeed, when the in vitro

purified PTEN was incubated with the recombinant AIF under non-

reducing condition, a band matching with the reduced form of

PTEN could be clearly seen (Figs 3C and EV2B and C). Of note, the

NADH oxidase domain-deleted AIF mutant, AIFDNADH, failed to

A

C

H I J
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D G
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Figure 3. AIF prevents oxidative inactivation of PTEN.

A, B PC3 cells were transfected with empty vector (EV) or mito-PTEN. Immunofluorescence staining of mito-PTEN and Cox-IV with re-staining of DAPI (A) and Western
blots for the indicated proteins (B) were performed. Scale bar represents 10 lm.

C The recombinant PTEN protein (50 ng) was incubated with recombinant AIF (50 ng) in the presence of 200 lM NADH at 4°C for 1 h. The mixtures were prepared
under non-reducing or reducing condition and blotted for the indicated proteins. “ox” indicates oxidized protein and “re” indicates the reduced band of PTEN.

D The recombinant PTEN or PTEN-C71S protein was incubated with recombinant AIF in the presence of 200 lM NADH at 4°C for 1 h, followed by incubation with
500 lM DCP-Bio1 in the presence of 50 mM indole-3-acetic acid (IAA) at 4°C for 1 h. The mixtures were prepared under reducing condition and blotted for biotin
(top), PTEN (middle), or AIF (bottom). “ox” indicates DCP-Bio1 labeled oxidized protein. The empty arrowhead indicates a non-specific band.

E The recombinant PTEN (0.5 lg) protein was incubated in the presence or absence of recombinant AIF (4 lg), and relative PTEN phosphatase activity was
determined. Data represent means and s.d of three independent experiments. Two-sided unpaired t-test.

F Cell lysates from shNC- or shAIF-infected SW620 cells were prepared under reducing or non-reducing condition and analyzed by Western blots for the indicated
proteins. “ox” indicates oxidized protein and “re” indicates reduced PTEN.

G The shNC- or shAIF-infected SW620 cells were subjected to IP using anti-PTEN antibody. Equal PTEN protein amount was confirmed by Western blots, and data
represent means and s.d of three independent experiments. Two-sided unpaired t-test.

H EV, AIF, and Flag-tagged AIFsh, AIFsh2, or AIFsh3 were expressed in shNC- or shAIF#1-infected SW620 cells. Cell lysates were prepared under reducing or non-
reducing conditions and analyzed by Western blots for the indicated proteins. “ox” indicates oxidized protein and “re” indicates reduced PTEN.

I The shNC- or shAIF-infected SW620 cells were treated with or without 10 mM NAC for 2 h. Lysates were prepared under reducing or non-reducing condition and
analyzed by Western blots for the indicated proteins. “ox” indicates oxidized protein and “re” indicates reduced PTEN.

J–L EV, PTEN-WT, or PTEN-C71S was transfected into shNC- or shAIF#1-infected SW620 (J), HT29 (K), or PC3 (L) cells. Lysates were analyzed by Western blots for the
indicated proteins.
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generate the reduced form of PTEN (Fig EV2C). It was reported

that H2O2-mediated PTEN oxidation resulted in an intramolecular

disulfide bond formed between Cys124 and Cys71, and mutation of

either site resists oxidation by H2O2 [9]. Hence, the recombinant

PTEN was incubated with escalating concentrations of AIF with

PTEN-C124S as a control, followed by probing with DCP-Bio1, a

biotin-tagged probe which links covalently to oxidized cysteine and

has been used to monitor oxidized proteins [26]. The results

showed that AIF decreased a biotinylated band matched with PTEN

with a dose independence, while the PTEN-C124S mutant

presented few oxidation (Fig 3D). It is well known that PTEN is

inactivated by oxidation in the N-terminal phosphatase domain [9].

In line with this, AIF increased PTEN lipid phosphatase activity

in vitro (Fig 3E).

To address whether AIF regulates intracellular PTEN oxidation,

two pairs of shRNAs (shAIF#1 and shAIF#2) specifically against AIF

were used to knockdown AIF expression, together with non-specific

scramble shRNA (shNC) as a negative control. These shRNAs but

not shNC significantly silenced AIF expression (Fig 3F). Consistent

with a previous report [27], the mitochondrial complex I subunits

NADH–ubiquinone oxidoreductase 75 kDa subunit (Ndufs1) and

Ndufs3 were also decreased in SW620 cells with AIF knockdown

(Fig EV2D), suggesting the effectiveness of AIF knockdown. AIF

knockdown failed to affect the expression of PTEN protein (Fig 3F).

However, when Western blots were performed under non-reducing

condition, the oxidative PTEN was dramatically increased by AIF

loss in SW620 (Fig 3F), as well as in colon cancer HT29 (Fig EV2E)

and prostate cancer DU145 cells (Fig EV2F). In accordance, AIF

knockdown inhibited PTEN lipid phosphatase activity in SW620

cells (Fig 3G), together with the increased phosphorylations of Akt

on serine 473 (S473) and threonine 308 (T308), and of GSK-3b, an
Akt substrate (Fig 3F). The same phenomena were also obtained in

HT29 and DU145 cells (Fig EV2E and F), but not in PTEN-deficient

PC3 and LNCaP cells (Fig EV2G). Notably, AIF knockdown

appeared to reduce Akt-S473 and GSK-3b phosphorylations in the

PC3 cells, suggesting that additional factors impinge on the func-

tional connections between AIF, Akt, and GSK3-3b in the PTEN-

deficient cells. Importantly, AIF overexpression effectively reversed

AIF knockdown-induced PTEN oxidation and Akt phosphorylation

(Fig 3H).

Consistent with the previous reports [9], H2O2 incubation

induced PTEN oxidation (Fig EV2H and I). More intriguingly, the

exogenous H2O2-increased PTEN oxidation could also be signifi-

cantly enhanced by AIF knockdown (Fig EV2H and I), while treat-

ment of N-acetyl-l-cysteine (NAC), a H2O2 scavenger, not only

prevented PTEN from oxidation, but also abolished the AIF knock-

down-induced Akt activation (Fig 3I). On the other hand, AIF

knockdown did not increase the intracellular ROS level (Fig EV2J),

precluded the possibility of increased ROS-induced PTEN oxidation

in AIF knockdown cells. Of note, treatment with low concentration

of H2O2 did not induce the nuclear translocation of AIF (Fig EV2K)

and it also did not impact on the AIF–PTEN interaction (Fig EV2L).

All these data support that AIF can protect PTEN from the in vivo

oxidative inactivation in either endogenous or exogenous oxidative

stress. As reported [17], AIFsh2 and AIFsh3 but not AIFsh contain

the oxidoreductase domain of AIF. Although PTEN interacts with

all these short isoforms, our results showed that, like AIF, AIFsh2

and AIFsh3 but not AIFsh could rescue AIF knockdown-induced

PTEN oxidation and Akt activation (Fig 3H), further supporting that

the effects of AIF on PTEN are enzymatic.

Although PTEN oxidation has been proved to be crucial for its

activity, here we noticed that only a small fraction of PTEN was

oxidized compared to total PTEN upon AIF knockdown. Actually,

the same phenomenon was also observed with direct H2O2 expo-

sure. As shown in Fig EV2M, H2O2 induced a fast and transient

oxidation of a small fraction of PTEN accompanied with increased

Akt phosphorylation, which could be antagonized by NAC pretreat-

ment, proposing that the oxidation of a part of PTEN can disrupt the

activity of all PTEN, although its mechanisms remain to be illus-

trated. On the other hand, Cys124 is localized in the phosphatase

activity center of PTEN, and the C124S mutant completely abolishes

PTEN activity [28,29]. However, the C71S mutant still keeps the

partial activity of PTEN relative to its wild-type form [30]. Here, we

showed that the PTEN C71S mutant still interacted with AIF

(Fig EV2N), suggesting that the cysteine is dispensable for PTEN–

AIF interaction. Thus, we tested whether the C71S mutant reversed

AIF knockdown-enhanced oxidative inactivation of PTEN. To this

end, we introduced PTEN-WT or PTEN-C71S into PTEN-deficient

PC3 cells and found that both proteins, especially PTEN-WT, inhib-

ited Akt phosphorylation (Fig EV2O). When these cells were

exposed to H2O2, a small fraction of PTEN-WT but not PTEN-C71S

protein was oxidized (Fig EV2O). Meanwhile, H2O2 counteracted

the PTEN-WT but not PTEN-C71S mutant-induced inhibition of Akt

phosphorylation (Fig EV2O), indicating the effectiveness of PTEN-

C71S in resisting its oxidation and inactivation. In accordance, when

PTEN-WT and PTEN-C71S were ectopically expressed in SW620

and HT29 cells with AIF knockdown, PTEN-C71S mutant but not

PTEN-WT rescued AIF knockdown-induced Akt phosphorylation in

these two cell lines (Fig 3J and K). Also, the ectopically expressed

PTEN-WT but not PTEN-C71S failed to inhibit Akt phosphorylation

in AIF-silenced PC3 cells (Fig 3L). Cumulatively, all of these data

support the involvement of AIF oxidoreductase activity in the regu-

lation of PTEN/Akt/GSK-3b signaling.

Activation of WNT/b-catenin signaling upon AIF loss

The Akt-mediated phosphorylation inactivates GSK-3b, which leads

to the accumulation and nuclear translocation of b-catenin, one of

the most important substrates of GSK-3b [31]. Indeed, there was

abundant nuclear b-catenin in AIF knockdown cells but not in shNC

cells (Fig 4A and B). Nuclear b-catenin facilitates the transcriptional

activation of WNT/b-catenin signaling in complex with transcrip-

tional factor lymphoid enhancer-binding factor-1/T-cell factor-1

(LEF/TCF) [32,33]. To monitor the activation of WNT/b-catenin
signaling, shAIF#1-, shAIF#2-, and shNC-infected SW620 cells were

transfected with LEF/TCF-responsive promoter Topflash luciferase

(containing two sets of three copies of the LEF/TCF-binding sites)

and its mutant Fopflash. The results showed that AIF silencing

significantly activated Topflash but not Fopflash (Fig 4C), indicating

the activation of WNT/b-catenin transcription in AIF knockdown

cells. Consistently, the mRNA levels of all six WNT/b-catenin target

genes tested (DKK1, LEF1, MMP7, TCF4, AXIN2, and ID2) presented

the upregulated expression upon AIF knockdown in SW620 (Fig 4D)

and HT29 cells (Fig EV3A). The increased expression of Axin2 in

AIF knockdown SW620 cells was also confirmed on the protein level

(Fig EV3B). Vice versa, the overexpression of AIF downregulated
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Figure 4. AIF negatively regulates WNT/b-catenin signaling.

A, B Immunofluorescence staining of b-catenin with re-staining of DAPI in shNC- or shAIF-infected SW620 cells with scale bar representing 10 lm (A). The percentage
of cells with nuclear b-catenin was calculated (B).

C shNC- or shAIF-infected SW620 cells were transiently transfected with Topflash or Fopflash firefly luciferase reporter plasmids. Twenty-four hours later, relative
luciferase activities against shNC cells were determined.

D The folds of relative mRNA levels of the indicated genes against shNC-infected cells were quantified by quantitative real-time PCR in shAIF#1-infected SW620 cells.
E The folds of relative mRNA levels of indicated genes against EV-infected cells were quantified by quantitative real-time PCR in AIF-overexpressed SW620 cells.
F, G GSEA data showing the negative correlations of AIF with KEGG WNT/b-catenin signaling pathway gene set (F) and the gene set of 78 WNT/b-catenin signaling

target genes (G) in four datasets as described in the text. y-axis: value of the ranking metric; x-axis: the rank for all genes. The graph on the bottom of each panel
represents the ranked, ordered, non-redundant list of genes. Genes on the far left (red) most positively correlated with AIF, and genes on the far right (blue) most
negatively correlated with AIF. On each panel, the vertical black lines indicate the position of each of the genes of the studied gene set in the ordered, non-
redundant dataset. The green curve corresponds to the ES (enrichment score) curve, which is the running sum of the weighted enrichment score obtained from
GSEA software. NES, normalized enrichment score.

Data information: In (B–E), data represent means and s.d of three independent experiments. Two-sided unpaired t-test.
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these target genes (Fig 4E), and both AIF-FL and AIFsh3 rescued the

AIF knockdown-induced activation of Wnt/b-catenin transcription

(Fig EV3C). Considering previous reports showing that none of

these genes are under sole control of WNT/b-catenin signaling

[34,35], we knocked down b-catenin with a pair of shRNA specially

against b-catenin (shb-catenin#2) in AIF-silenced cells and found

that b-catenin knockdown almost completely blocked AIF silencing-

induced expressions of all six genes (Fig EV3D), proposing the role

of the activated b-catenin in the AIF knockdown-mediated events.

In addition, gene set enrichment analysis (GSEA) with two human

WNT/b-catenin signaling pathway gene sets in four independent

microarray datasets (TCGA Colon Adenocarcinoma, TCGA Breast

Invasive Carcinoma, TCGA Lung, and Grasso Prostate [36]), con-

firmed the inverse correlation between AIF and WNT/b-catenin
signaling target genes (Fig 4F and G, Tables EV1 and EV2). Thus,

we conclude that AIF knockdown results in the activation of

b-catenin signaling.

AIF loss activates WNT/b-catenin signaling through oxidative
inactivation of PTEN

To address whether AIF regulates WNT/b-catenin signaling

through PTEN, we knocked down AIF and/or PTEN in SW620

cells (Fig 5A). AIF or PTEN silencing increased, while their

combined knockdown did not further enhance, expressions of

WNT/b-catenin signaling target genes (Fig 5B). Furthermore,

LY294002, an inhibitor of the PI3K/Akt pathway, significantly

antagonized AIF knockdown-induced expressions of all six WNT/

b-catenin signaling target genes tested (Fig 5C). Moreover, NAC

treatment (Fig 5D) and overexpression of the PTEN-C71S mutant

but not wild-type PTEN (Fig 5E) reversed AIF knockdown-

induced expressions of WNT/b-catenin signaling target genes.

Cumulatively, all these data propose that PTEN oxidative

inactivation mediates AIF knockdown-activating WNT/b-catenin
signaling.

A

C

E

D

B

Figure 5. AIF knockdown activates WNT/b-catenin signaling through oxidative inactivation of PTEN.

A, B Western blots for the indicated proteins (A) and quantitative real-time PCR for mRNA levels of the indicated genes (B) in shNC- or shAIF-infected SW620 cells with
or without PTEN knockdown. Data represent means and s.d of three independent experiments. Two-sided unpaired t-test.

C, D The quantitative real-time PCR for mRNA levels of the indicated genes in LY294002- (C) or NAC-treated (D) SW620 cells with or without AIF knockdown. Data
represent means and s.d of three independent experiments. Two-sided unpaired t-test.

E EV, PTEN-WT, or PTEN-C71S was transfected into shNC- or shAIF#1-infected SW620 cells. Quantitative real-time PCR for mRNA levels of the indicated genes was
performed. Data represent means and s.d of three independent experiments. Two-sided unpaired t-test.
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AIF knockdown induces EMT through activating
b-catenin signaling

The activation of b-catenin signaling has been reported to induce

the EMT of cancer cells. Of great interest, upon AIF knockdown in

SW620 cells, the mRNA and/or protein levels of the epithelial

markers E-cadherin and plakoglobin dramatically decreased, and

those of the mesenchymal markers fibronectin and vimentin

increased (Fig 6A and B). In line with these biochemical alter-

ations, SW620 cells with AIF knockdown exhibited a spindle-like,

fibroblastic morphology compared to the typical cobblestone-like

appearance of shNC-infected cells (Fig 6C). Immunofluorescence

staining of E-cadherin and vimentin confirmed these EMT-

associated shifts (Fig 6D). Considering that some previous reports

showed that SW620 cells have at least a partially mesenchymal

character, which may be reflected in the heterogeneous appearance

of these cells that present with different morphologies in culture

[37], we also detected the potential EMT-inducing effect of AIF

knockdown in two other cancer cell lines, HT29 and DU145 cells,

without WNT/b-catenin pathway activating mutations. The results

demonstrated that, like seen in SW620 cells, AIF knockdown could

also trigger these two cell lines to undergo EMT (Fig EV4A and B).

GSEA with TCGA Colon Adenocarcinoma indicated that AIF nega-

tively correlated with two distinct EMT-related gene signatures

[38,39], further suggesting that AIF loss induces a pervasive and

sustained EMT signaling program (Fig 6E). Considering that

colorectal tumor preparations could be contaminated by stromal

cells and that EMT signature gene expression was due to the stro-

mal contaminants [40], we also examined the correlation between

AIF and E-cadherin by immunohistochemical analysis (IHC) in a

group of colon cancer tissues (Table EV3) and confirmed that

the expression of AIF is indeed positively correlated with that of

E-cadherin (Fig EV4C–E).

We also detected the expressions of the main EMT activators

including ZEB1, Twist, Snail, and Slug upon AIF knockdown in

SW620 cells, and results showed that among these four activators,

the expression of only ZEB1, another target gene of WNT/b-catenin
signaling [41], was elevated by AIF knockdown (Figs 6A and B, and

EV4F). Of note, it appeared that the increase in ZEB1 protein was

more significant than its mRNA upon AIF knockdown (Fig 6A and

B). We further addressed whether AIF knockdown-triggered EMT is

a result of WNT/b-catenin signaling activation, and we infected two

pairs of shRNA against b-catenin (shb-catenin#1 and shb-catenin#2)
in AIF knockdown cells, which effectively silenced the b-catenin
expression (Fig 6F). These two shRNAs almost completely reversed

the ZEB1 protein increase and EMT program upon AIF silencing

(Fig 6F and G). The re-expression of the PTEN-C71S mutant but not

PTEN-WT reversed the EMT program, including EMT marker

expression (Fig 6H and I) and morphological changes (Fig 6J).

Taken together, our results indicate that AIF knockdown induces

EMT through WNT/b-catenin signaling activation caused by PTEN

oxidative inactivation.

AIF loss promotes tumor metastasis in xenografts and in vitro
models of cancers

Besides the induction of EMT, most of the WNT/b-catenin signaling

target genes tested above, especially TCF4, LEF1, and MMP7, have

been implicated to play strong roles in migration, invasion, or

cancer metastasis [42–44]. We thus investigated whether AIF regu-

lated these cellular activities. Indeed, AIF knockdown cells exhibited

enhanced mobility by a scratch wound-healing assay (Fig 7A) and

increased invasiveness by Matrigel-coated Boyden chamber inva-

sion assay (Fig 7B and C). We then subcutaneously injected shNC-

or shAIF#1-infected SW620 cells into nude mice (Fig EV5A), where

subcutaneous growth of shAIF#1-infected SW620 cells was slower

compared with that of shNC-infected ones, although no statistical

significance was found (Fig EV5B). Fifteen days post-inoculation,

one subcutaneous tumor from each group was harvested, followed

by Western blots showing that shAIF#1 still knocked down AIF

expression (Fig EV5C). These subcutaneous tumors were cut into

pieces (approximately 2 mm in diameter) and were sutured onto

the cecum wall of mice. These mice with orthotopic implantations

were sacrificed when they developed signs of distress. At that time,

shNC- and shAIF#1-infected SW620 cells had generated colon

tumors of equivalent sizes (Fig EV5D). However, shAIF#1 colon

tumors showed increased Akt and GSK-3b phosphrolation and

b-catenin nuclear localization, and decreased E-cadherin expression

compared to shNC tumors (Fig 7D and E). Histopathologic observa-

tions showed that shAIF#1-infected SW620 colon tumors showed

substantially increased local invasion (Fig EV5E). Intriguingly, 10 of

19 mice bearing SW620-shAIF#1 colon tumors developed more

hepatic metastatic nodules, which could be seen only in one of

SW620-shNC tumor-bearing mice (Fig 7F and G), indicating the

enhanced ability of AIF-deficient cells to undergo hepatic metastasis.

We also confirmed that, among all the general metastasis-related

genes as reviewed [45], WNT/b-catenin target gene LEF1 was most

significantly regulated (Fig EV5F and G), supporting the specific role

of WNT/b-catenin signaling in AIF knockdown-induced metastasis.

Moreover, re-expression of PTEN-C71S mutant almost completely

reversed the effect of AIF knockdown on the development of liver

metastasis of splenically injected SW620 cells (Fig 7H and I),

indicating that the metastasis-promoting role of AIF knockdown is

mediated by PTEN oxidation.

To consolidate the role of AIF in metastasis, we also injected

GFP-luciferase-labeled colon cancer HT29 cells with or without AIF

knockdown into the spleen of mice (Figs 7J and EV5H). Biolumi-

nescent imaging monitoring revealed that animals injected with

shAIF#1- and shAIF#2-infected HT29 cells showed enhanced meta-

static outgrowth in the livers 4 weeks post-injection (Fig 7K), and

histological analyses indicated more than ten-fold increase in the

numbers of metastatic liver nodules produced by AIF-silenced HT29

cells than control cells (Fig 7L and M). All these data support that

knockdown of AIF expression promotes the metastasis of cancer

cells.

Low AIF expression is correlated with poor outcome of
cancer patients

Finally, we detected AIF protein by IHC in tumor tissues from 82

cases of patients with colon cancer, who had available survival

follow-up information (Table EV4). Two representative IHC images,

respectively, for low and high AIF expressions of cancer tissues are

shown in Fig EV5I. In this cohort, 70.73% (57/82) cancer tissues

presented a higher AIF expression (AIFhigh tumors), while 29.27%

had a lower AIF expression (AIFlow tumors) (Fig EV5J). Intriguingly,
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Figure 6. AIF knockdown induces the EMT program through oxidative inactivation of PTEN.

A The folds of relative mRNA levels of the indicated genes against shNC-infected cells were quantified by quantitative real-time PCR in shAIF-infected SW620 cells.
Data represent means and s.d of three independent experiments. Two-sided unpaired t-test.

B Western blots for the indicated proteins in shNC- and shAIF-infected cells.
C The morphology of shNC- and shAIF-infected SW620 cells under phase contrast microscopy. Scale bar represents 50 lm.
D Immunofluorescence staining of E-cadherin and vimentin together with re-staining of DAPI in shNC- or shAIF-infected SW620 cells. Scale bar represents 10 lm.
E GSEA data showing the negative correlations of AIF with two published EMT gene signatures in TCGA Colon Adenocarcinoma as described in the text. y-axis: value

of the ranking metric; x-axis: the rank for all genes. The graph on the bottom of each panel represents the ranked, ordered, non-redundant list of genes. Genes on
the far left (red) most positively correlated with AIF, and genes on the far right (blue) most negatively correlated with AIF. On each panel, the vertical black lines
indicate the position of each of the genes of the studied gene set in the ordered, non-redundant dataset. The green curve corresponds to the ES (enrichment score)
curve, which is the running sum of the weighted enrichment score obtained from GSEA software. NES, normalized enrichment score.

F, G Two shRNAs against b-catenin (shb-catenin#1 and shb-catenin#2) along with shNC were transfected into shNC- or shAIF#1-infected SW620 cells. Western blots
for the indicated proteins (F) and quantitative real-time PCR for mRNA levels of the indicated genes (G) were performed. Data represent means and s.d of three
independent experiments. Two-sided unpaired t-test.

H–J EV, PTEN-WT, or PTEN-C71S was transfected into shNC- or shAIF#1-infected SW620 cells. Western blots for the indicated proteins (H), quantitative real-time PCR
for mRNA levels of the indicated genes (I), and morphological observations under phase contrast microscopy (J, scale bar represents 50 lm) were performed. Data
represent means and s.d of three independent experiments. Two-sided unpaired t-test.
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Figure 7. Low expression of AIF promotes metastasis and correlates with poor survival.

A Representative images of shNC- or shAIF-infected SW620 cells before and 96 h after wound healing under phase contrast microscopy. Scale bar represents
500 lm.

B, C Representative images of invasion assays on a Matrigel invasion chamber of shNC- and shAIF-infected SW620 cells (B) and folds of invasive shNC- or
shAIF-infected SW620 cells were calculated (C). Scale bar represents 100 lm. Data represent means and s.d of three independent experiments. Two-sided
unpaired t-test.

D, E Western blots for the indicated proteins (D) and representative images of IHC staining of b-catenin and E-cadherin (E) in colon xenografts derived from shNC- or
shAIF#1-infected SW620 cells. Tumor area was marked by a dashed line. Scale bar, 50 lm.

F, G Representative macroscopic images of the livers (F) and the numbers of hepatic metastatic nodules per liver (G) from mice receiving orthotopic
implantation of shNC- or shAIF#1-infected SW620 cells. The metastatic nodules were marked by yellow arrowheads. Each group with 19 mice, two-sided
unpaired t-test.

H, I Representative macroscopic images of the livers (H) and the numbers of hepatic metastatic nodules per liver (I) for mice receiving intrasplenic injections of EV- or
PTEN-C71S-expressing SW620-shNC and SW620-shAIF#1 cells. Each group with 7 mice. The metastatic nodules were marked by yellow arrowheads. Two-sided
unpaired t-test.

J Western blots for the indicated proteins of shNC- or shAIF-infected GFP-luciferase-labeled HT29 cells.
K–M Representative BLI images (K), macroscopic images (L), and the numbers of hepatic metastatic nodules per liver (M) of mice 4 weeks after receiving intrasplenic

injections of GFP-luciferase-labeled HT29 cells with or without AIF knockdown. Each group with 8 mice. Two-sided unpaired t-test.
N, O Kaplan–Meier estimates of overall survival of subjects with colon cancers of high and low AIF expressions in our cohort (N) and TCGA Colon Adenocarcinoma

dataset (O).
P Metastasis ratios of patients, respectively, with high and low AIF expressions in TCGA Colon Adenocarcinoma dataset.
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Kaplan–Meier analysis revealed that the patients with AIF-low

tumors showed significantly poorer overall survival than those with

AIF-high tumors (Fig 7N). We further evaluated the prognosis value

of AIF expression in 375 cases of patients from TCGA Colon Adeno-

carcinoma with survival information and found that patients with

tumors expressing the top and bottom 15% AIF mRNA levels (desig-

nated as AIFhigh and AIFlow), respectively, presented favorable and

poor overall survival (Fig 7O). What is more, the risk of distant

metastasis for AIFlow patients was also much higher than that of

AIFhigh patients (Fig 7P). The positive correlation between AIF

expression and overall survival could also be found in patients with

breast cancer and the squamous cell lung cancer from microarray

datasets TCGA Breast Invasive Carcinoma (Fig EV5K) and TCGA

Lung Squamous Cell Carcinoma (Fig EV5L).

Discussion

Although the dual roles of AIF in life and death have been proposed

[4], its pathological significances have few understanding. In

humans, progressive mitochondrial encephalomyopathy and

Cowchock syndrome are only two disorders that have been attrib-

uted to AIF so far [46,47]. However, the expression of death and

survival-related functions presenting AIF and its overall signifi-

cances in cancers remain largely unknown. Herein, we showed that

AIF can physically interact with PTEN, for which its two FAD-

binding domains and phosphatase-dependent N-terminal moiety of

PTEN are, respectively, required. In accordance with this, all three

short isoforms of AIF carrying an FAD-binding domain also interact

with PTEN, although AIFsh3 is localized in cytoplasm. PTEN, one of

the most common tumor suppressors, has phosphatase-dependent

and phosphatase-independent functions, which appear to be

dependent upon its localization in cytosol or nucleus [19]. It was

reported that the canonical PTEN protein can packaged into

exosomes and is transferred from one cell to another through vesi-

cles [48], and PTEN-Long, a translational variant of PTEN that adds

an additional 173 N-terminal amino acids to the canonical protein,

is secreted and can be detected in human serum and plasma [49].

Although a mass spectrometry, GFP tagging, and machine learning-

based analysis did not report PTEN in a mitochondrial compendium

of 1,098 genes and their protein expression across 14 mouse tissues

[23], several lines of evidence demonstrated the PTEN localization

to the mitochondria [20–22], and PTEN-Long was also be shown to

localize to the mitochondria besides the cytoplasm [50]. Here, we

showed that PTEN is also an internal mitochondrial protein in

cancer cell lines or primary freshly harvested mouse cardiac muscle

cells, which were confirmed by immunoelectron microscopy and

biochemical fractionation experiments. Bioinformatics analysis

showed that PTEN lacks a canonical MLS sequence, resembling

some MLS-lacking but still mitochondria-localizing proteins such as

p53 and Stat3 [51,52]. Recently, Naguib and coworkers reported

that cytoplasmic PTEN is distributed along microtubules and teth-

ered to vesicles [53]. It remains to be investigated whether PTEN is

brought into mitochondria and other compartments by such

vesicles. Actually, a previous report also showed the localization of

PTEN in the endoplasmic reticulum [20]. Another possibility is that

AIF carries a fraction of PTEN to the mitochondria interior, which

could be partially supported by the fact that AIF-interacting PTEN-N

was more potently localized into mitochondria than PTEN-C (data

not shown), which did not bind with AIF.

Our further investigations revealed that, as an oxidoreductase,

AIF inhibits the in vitro oxidation of PTEN. AIF knockdown makes

PTEN be oxidized, which can be rescued by re-expression of AIF or

NAC treatment. Accordingly, AIF loss inactivates the phosphatase

activity of PTEN, followed by the activation of Akt/GSk-3b and

b-catenin signaling pathway. The cytosolic AIFsh3 also rescues AIF

knockdown-induced PTEN oxidation. Of note, only a small fraction

of PTEN is oxidized compared to total PTEN upon AIF knockdown.

The exposure to low concentrations of H2O2 also induces oxidative

modification of a small fraction of PTEN accompanied with the

increased Akt phosphorylation. The ectopically expressed PTEN-

C71S mutant, whose cysteine is essential for intracellular

intramolecular disulfide bond formation of PTEN oxidation, can

rescue all the AIF knockdown-induced effects. Therefore, partial

modification of PTEN by oxidation contributes to the inactivation of

total PTEN and thus activation of Akt. Biochemically, it appears that

most documented PTEN posttranslational modifications cause a

decrease in PTEN enzymatic activity in vitro. Therefore, we are

facing the question why the oxidation of a small portion of PTEN

might compromise the activity of the major pool of un-oxidized

PTEN. Recently, it is reported that PTEN exerts higher phosphatase

activity in homodimers. When heterodimerizing with wild-type

PTEN, catalytically inactive PTEN mutants constrain the phos-

phatase activity of wild-type PTEN in a dominant-negative manner

[54]. Thus, we speculate that the small portion of oxidized PTEN

might form heterodimer with and inhibit the activity of un-oxidized

PTEN. In addition, a previous report found that the peroxidase

Prdx1, which catalyzes peroxide reduction to balance cellular H2O2

levels [55,56], interacts with and protects PTEN from oxidation-

induced inactivation [11]. Txnip was also reported to be required to

maintain sufficient thioredoxin NADPH activity to reductively reacti-

vate oxidized PTEN and oppose Akt downstream signaling in non-

lipogenic tissues [12]. It deserves to be further explored whether

AIF, Prdx1, and/or Txnip are either independent or combined with

each other to be implicated in control of PTEN activity by reversible

oxidation.

Tumorigenesis and metastasis are caused by the dysregulation of

a series of intracellular signals such as WNT signaling, which has

been well established as a metastasis regulator of cancer. The

canonical WNT/b-catenin signaling pathway functions by stabiliz-

ing b-catenin, whose phosphorylation by GSK-3b results in degrada-

tion through the ubiquitin–proteasome pathway. The stabilized

b-catenin is allowed to translocate into the nuclei where it transcrip-

tionally activates the WNT/b-catenin target genes. Intriguingly,

there is a clear inverse correlation between AIF and WNT/b-catenin
signaling target genes in several independent microarray datasets

from different types of cancers. In line with this, knockdown of AIF

significantly increases transcriptional activity of WNT/b-catenin
signaling and expressions of WNT/b-catenin target genes. In

particular, b-catenin knockdown almost completely blocked AIF

silencing-induced phenotype. These data support the role of

activated b-catenin in AIF knockdown-induced effects.

Inactivation of GSK-3b leads to the nuclear accumulation of

b-catenin, which in turn activates the WNT/b-catenin signaling

pathway and promotes the expression of a bunch of WNT/b-catenin
target genes. Although a previous report proposed that cross talk
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between the PI3K and WNT/b-catenin pathways might be prohib-

ited and WNT/b-catenin-mediated transcriptional activity was not

modulated by the activation of the PI3K/Akt pathway [31], our

results showed that the oxidation-resistant mutant of PTEN, PTEN-

C71S, but not wild-type PTEN, as well as PI3K/Akt inhibitor and

NAC treatment, reversed AIF knockdown-induced expressions of

WNT/b-catenin signaling target genes, supporting that AIF regulates

b-catenin signaling through PTEN-PI3K/Akt pathway.

There has been a clear connection between WNT/b-catenin
signaling activation and metastasis [42,57,58]. Indeed, AIF silencing

induces EMT and increases the in vitro mobility and invasiveness,

and promotes in vivo hepatic metastasis of orthotopically implanted

tumors in nude mice. In line with this, AIF expression level is posi-

tively correlated with overall survival in our cohort of colon cancer

patients, which can also be found in several microarray datasets for

colon, breast, and lung cancers. Notably, the fact that b-catenin
knockdown almost completely reversed the increase in ZEB1 protein

and EMT program upon AIF silencing, further supporting b-catenin
dependency of the observed phenotypic changes in response to AIF

depletion. It should be pointed out that a previous report, which

showed that human colon carcinoma cell lines with AIF knockout

by homologous recombination failed to form tumors in athymic

mice or grow in soft agar [59], was completely inconsistent with our

results from cancer cells with AIF knockdown. We extrapolated that

the reasons to cause the apparent discrepancy might due to different

levels of AIF loss in two different assays because AIF presents dual

roles in cell death and survival. Also, two previous reports showed

that there was higher AIF expression in the majority of gastric carci-

noma [60] and colorectal carcinoma [61]. The similar phenomena

could also been found in our colorectal carcinoma cohort, although

AIF expression was shown to be decreased in many other tumor

types, contributing to their chemoresistance [2,62]. Our unpublished

data showed that hypoxia inhibits AIF expression, and low AIF

expression mainly exists in hypoxic regions of cancer tissues,

although most cancer tissues expressed higher AIF. As a multifunc-

tional protein, we proposed that its pro-survival function in cancer

cells with high AIF expression contributes to tumorigenesis, and its

role as antagonist of PI3K signaling in cancer cells with low AIF

expression during hypoxic environment is correlated with EMT and

metastasis of cancers.

Totally, our results provide evidence for an essential role of AIF

in controlling tumor invasion and metastasis, and novel mechanism

of protecting PTEN from oxidation, although the functional interac-

tion between PTEN and AIF in mitochondria and/or elsewhere

needs to further addressed. Our findings would shed new sights for

understanding the mechanisms of cancer metastasis and exploring

new potential antimetastasis therapy.

Materials and Methods

Cell culture and transfections

SW620, SW480, and LNCaP cells were maintained in RPMI-1640

supplemented with 10% FBS. DU145 and 293T cells were main-

tained in DMEM supplemented with 10% FBS. PC3 cells were main-

tained in F-12K supplemented with 10% FBS. HT29 cells were

maintained in McCoy’s 5A supplemented with 10% FBS. Cells are

cultured in a humidified incubator at 37°C with 5% CO2. For tran-

sient transfection, Lipofectamine 2000 transfection reagent (Invitro-

gen, Carlsbad, CA) was used following the manufacturer’s protocol.

For cell transduction, retroviruses or lentiviruses were prepared by

transient cotransfection with helper plasmids into 293T cells using

FuGENE 9 (Roche, Basel, Switzerland).

Antibodies

Antibodies against AIF-FL (#4642), b-catenin (#9587), Akt (#9272),

pAkt (#4060), GSK-3b (#9315), pGSK-3b (#9331), PTEN (#9559),

Cox-IV (#4850), and His (#2366) were purchased from Cell Signaling

Technology (Danvers, MA); the antibody for AIFsh2 and AIFsh3

(LS-C147989) from Lifespan Biosciences (Seattle, WA); Strepta-

vidin–HRP Conjugate (89880D) from Thermo Fisher Scientific

(Waltham, MA); Ndufs1 (12444-1-AP) and Ndufs3 (15066-1-AP)

from Proteintech Group (Chicago IL); HA (sc-805) and LaminB (sc-

6216) from Santa Cruz; GST (013-21851) from Wako; Flag (A8592)

and b-actin (A5316) from Sigma-Aldrich.

Plasmids and shRNAs

Mito-PTEN was generated by inserting PTEN coding sequence

(CDS) into the pCMV/myc/mito vector purchased from Invitrogen,

Life Technologies. The coding sequence for mitochondrial targeting

sequence used here is shown as follows: ATG TCC GTC CTG ACG

CCG CTG CTG CTG CGG GGC TTG ACA GGC TCG GCC CGG CGG

CTC CCA GTG CCG CGC GCC AAC ATC CAT TCG TTG. Plasmid

expressing Flag-tagged AIF was generated by inserting AIF CDS into

pCI-Flag vector. Plasmids expressing 3× Flag-tagged PTEN, PTEN-N,

and PTEN-C and AIFsh, AIFsh2, and AIFsh3 were generated by

inserting correspondent CDS into pBabe-3× Flag vector. Plasmids

expressing untagged AIF and PTEN were generated by inserting

correspondent CDS into pMSCVpuro and pQCXIN vectors, respec-

tively. For HA-tagged PTEN, PTEN CDS was cloned and inserted

into pHACB vector. Plasmid expressing His-tagged PTEN were

generated by inserting PTEN CDS into pET-28a (+) vector. Plasmids

expressing GST-tagged AIF and its mutants were generated by

inserting correspondent CDS into pEGX-5X-1 vector. Plasmids for

knockdown were constructed by inserting corresponding shRNA

sequences into the pSIREN Retro-Q plasmid (clontech). The shRNA

sequences specially targeting AIF, PTEN, and b-catenin are, respec-

tively, TAGCGGTCGCCGAAATGTT (shAIF#1), CTGGTATCCGATC

AGAGAG (shAIF#2), CGGGAAGACAAGTTCATGTACTT (shPTEN),

CCATTGTTTGTGCAGCTGCTT (shb-catenin#1), and GCTTGGAA

TGAGACTGCTGAT (shb-catenin#2).

Immunoprecipitation

Cells were harvested and lysed with immunoprecipitation buffer

(50 mM Tris–HCl, pH 7.6; 150 mM NaCl; 1 mM EDTA; 1% NP-40;

1 mM DOC; 1% protease inhibitor cocktail; 1 mM PMSF). After

brief sonication, the lysates were centrifuged at 12,000 g for 10 min

at 4°C. For immunoprecipitation of Flag-tagged proteins, super-

natants were incubated with anti-Flag M2 Affinity Gel (Sigma-

Aldrich) at 4°C overnight. Otherwise, supernatants were incubated

with indicated antibodies overnight and protein A/G-agarose beads

(Santa Cruz, CA) for 4 h at 4°C. The precipitates were washed three
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times with immunoprecipitation buffer, boiled in sample buffer, and

subjected to immunoblot assay.

Nano-LC–ESI–MS/MS analysis

Immunoprecipitation samples were separated by SDS–PAGE and

visualized with colloidal Coomassie blue. The lane from gels was

cut into 1-mm slices, and each slice was washed twice with 50 mM

NH4HCO3 and 50% ACN and dehydrated with acetonitrile (ACN).

Proteins were reduced and alkylated by treating them with 10 mM

DTT and 55 mM iodoacetamide, respectively. After washing with

50 mM NH4HCO3 and ACN, proteins were digested in gel with

trypsin (Promega, Madison, WI) and incubated overnight at 37°C.

Tryptic peptides were extracted from the gel pieces with 60% ACN

and 0.1% trifluoroacetic acid. The peptide extracts were vacuum-

centrifuged to dryness. Dried peptides were dissolved in 10 ll of 2%
ACN and 0.1% trifluoroacetic acid. Samples were desalted and

preconcentrated through a Michrom peptide CapTrap (MW 0.5–

50 kDa, 0.5 × 2 mm; Michrom BioResources, Inc., Auburn, CA).

The eluent was vacuum-centrifuged to dryness and then reconsti-

tuted in 2% ACN and 0.1% formic acid.

For LC–MS/MS analysis, 10 ll samples were introduced from an

autosampler (HTS-PAL, CTC Analytics, Zwingen, Switzerland) at a

flow of 1 ll/min for 15 min onto a reverse-phase microcapillary

column (0.1 × 150 mm, packed with 5 lm 100 Å Magic C18 resin;

Michrom Bioresources) using a HPLC (Paragram MS4, Michrom

Bioresources). The reverse-phase separation of peptides was

performed at a flow of 0.5 ll/min using the following buffers: 2%

ACN with 0.1% formic acid (buffer A) and 98% ACN with 0.1%

formic acid (buffer B) using a 90-min gradient (0–35% B for 90 min,

80% B for 8 min, 95% B for 12 min, and 0% B for 20 min). The

eluate was introduced directly onto a hybrid linear ion trap (LTQ)

Orbitrap mass spectrometer (ThermoFinnigan, San Jose, CA, USA)

equipped with ADVANCE Spray Source (Michrom Bioresources). A

high-resolution MS survey scan was obtained for the m/z 350–1,800,

R = 100,000 (at m/z 400) and ion accumulation to a target value of

106. Siloxane (m/z 445.120025) was used as an internal standard.

MS/MS spectra were acquired using data-dependent scan from the

ten most-intense ions with charge states ≥ 2 in the survey scan (as

determined by the Xcalibur mass spectrometer software in real

time). Only MS signals exceeding 500 ion counts triggered a MS/MS

attempt, and 5,000 ions were acquired for a MS/MS scan. Dynamic

mass exclusion windows of 27 s were used. Singly charged ions and

ions with unassigned charge states were excluded from triggering

MS/MS scans. The normalized collision energy was set to 35%.

Tandem mass spectra were extracted with Xcalibur version 2.0.7.

The MS/MS data were searched against The International Protein

Index (IPI) human database (ipi.HUMAN.v3.73 downloaded from

ftp.ebi.ac.uk/pub/databases/IPI) containing 179304 entries using

SORCERERSEQUEST (Bioworks version 3.5, ThermoFinnigan),

which was run on the Sage-N Sorcerer2 (Thermo Electron, San Jose,

CA). Peptide (parent ion) tolerance of 10 ppm, fragment ion

tolerance of 1 Da, and 3 missed cleavages were allowed, and fixed

modification of carbamidomethylation on Cys (157 Da) and

differential modification of oxidation on Met (16 Da) were used.

The XCorr scores cutoffs for each charge state were as follows: 2.5

(+2), 3.0 (+3), 3.5 (+4). The results were further analyzed by

Scaffold 3 proteome software (Portland, OR), which integrates both

Protein Prophet and Peptide Prophet. Two unique peptides must be

identified independently for each protein, the peptide probability

must be 95% or higher, and the protein probability must be 95%

or higher.

Density-based fractionation

Density-based fractionation was performed with the Edge 200 Sepa-

ration System from Prospect Biosystem, LLC (Newark, NJ), accord-

ing to the manufacturer’s instructions. Briefly, 2 × 108 SW620 cells

were resuspended in homogenizing buffer (HB, 10 mM Tris–HCl pH

6.7, 150 mM MgCl2, 10 mM KCl) supplemented with 1% protease

inhibitor cocktail and 1 mM PMSF, and homogenized with 20

strokes at 4°C. The homogenate was transferred to centrifuge tubes

and centrifuged at 1,000 g for 10 min to remove the nucleus. The

supernatant, which is post-nuclear supernatant (PNS), was collected

and centrifuged at 10,000 g for 5 min at 4°C. The supernatant was

discarded, and the first density extraction medium (8.5% w/w

sucrose) was added into the tube to resuspend the pellet which

contained almost all of the subcellular particles. The suspension

was centrifuged at 10,000 g for 5 min at 4°C, and the supernatant

was collected as the first fraction. These same steps were continued

using serially increasing sucrose density extraction medium: 10, 15,

20, 25, 30, 35, 40, 45, 50, 55 and 60%. A total of 12 fractions were

obtained.

Subcellular cell fractionation, mitochondria purification, and
proteolysis protection assay

Cells were separated into different fractions according to methods

described previously [63,64]. Briefly, cells were harvested and

rinsed with mitochondria isolation buffer (MIB, 0.25 M sucrose and

10 mM Tris–HCl, pH 7.4). Then, cells were resuspended in MIB

supplemented with 1% protease inhibitor cocktail and homogenized

using a glass Dounce homogenizer (Kontes, Sigma-Aldrich) with 20

strokes at 4°C. The homogenate was centrifuged at 1,000 g for

10 min to pellet the nucleus. The supernatant was then centrifuged

at 15,000 g for 20 min at 4°C to pellet the raw mitochondria. Cyto-

plasmic proteins in the post-mitochondria supernatant were precipi-

tated with chloroform and methanol according to Klotz’s methods

[65]. To further enrich mitochondria, the pellet of raw mitochondria

was resuspended in 36% iodixanol (Sigma-Aldrich) and overlaid

with 30 and 10% iodixanol. The gradient was ultracentrifuged

(80,000 g, 3 h) at 4°C, and the purified mitochondria were collected

at the interface between 10% and 30% iodixanol and washed twice

with MIB. Samples of each fraction were prepared by adding sample

buffer and subjected to immunoblot analysis.

Equal aliquots of purified mitochondria pellet resuspended in

MIB were incubated at 37°C without protease inhibitors in the pres-

ence of 0.25 lg/ll trypsin and 1% Triton X-100 alone or in combi-

nation for 10 min. After the addition of sample buffer, proteolysis

protection reactions were then subjected to immunoblot analysis as

indicated.

RT–PCR and quantitative real-time PCR

Total RNA was prepared using TRIzol (Invitrogen) following the

manufacturer’s instructions. A total of 2 lg RNA was subjected to
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reverse transcription to synthesize cDNA using M-MLV Reverse Tran-

scriptase (Promega, Fitchburg, WI). RT–PCR primers for detection of

AIFsh, AIFsh2, and AIFsh3 were designed according to a previous

report [17]. Quantitative real-time PCR was performed using the

SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA).

Paired primers were used as follows.

Primers for quantitative real-time PCR

Genes Forward primers Reverse primers

DKK1 GAGTACTGCGCTAGTCCCAC TGGAATACCCATCCAAGGTGC

ID2 AGGAAAAACAGCCTGTCGGA TGGTGATGCAGGCTGACAAT

AXIN2 GAGAGTGAGCGGCAGAGC CGGCTGACTCGTTCTCCT

LEF1 TCCTGAAATCCCCACCTTCT TGGGATAAACAGGCTGACCT

TCF4 CATGCCACCAGGACTACAGG TTCTCACGCTCTGCCTTCTG

MMP7 GGCTTTAAACATGTGGGGCA GACTGCTACCATCCGTCCAG

ACTIN CATCCTCACCCTGAAGTACCC AGCCTGGATAGCAAC GTACATG

Patients and IHC

Formalin-fixed and paraffin-embedded tumor specimens from colon

cancer patients were purchased from Shanghai Outdo Biotech Co

(Shanghai, China). Tissue slides were de-paraffinized at 60°C,

followed by treatment with xylene and a graded alcohol series. The

endogenous peroxidase activity was blocked by incubation in a 3%

hydrogen peroxide solution for 15 min. Antigen retrieval was

carried out by immersing the slides in 10 mM sodium citrate buffer

(PH 6.0) and maintained at a sub-boiling temperature for 10 min.

The slides were rinsed in PBS and incubated with 5% BSA to block

no-specific staining. Then, the slides were incubated with the

primary antibody overnight at 4°C in a humid chamber. On the next

day, the slides were visualized by standard avidin-biotinylated

peroxidase complex method. Finally, hematoxylin was used for

counterstaining.

All of the staining was assessed by pathologists blinded to the

origination of the samples and subject outcome. Each specimen was

assigned a score according to the intensity of the nucleus, cytoplas-

mic, and/or membrane staining (no staining = 0; weak staining = 1,

moderate staining = 2, strong staining = 3) and the area extent of

stained cells (0% = 0, 1–24% = 1, 25–49% = 2, 50–74% = 3, 75–

100% = 4). The final immunoreactive score (IRS) was determined

by multiplying the intensity score with the extent score of stained

cells, ranging from 0 (the minimum score) to 12 (the maximum

score). Scores ≤ 4 and scores > 4 were considered as low and high

AIF expression, respectively. Detailed information of the two

cohorts is shown in Tables EV3 and EV4.

GST pull-down assay

We expressed and purified GST and GST fusion proteins as previ-

ously described [66]. His-tagged PTEN was purified as previously

described [55]. Ten microgram His-tagged PTEN or the 293T

extracts expressing Flag-tagged PTEN-N were mixed with 10 lg of

GST derivatives bound to glutathione–Sepharose beads in 0.5 ml of

binding buffer. The binding reaction was performed overnight at

4°C, and the beads were subsequently washed three times with the

binding buffer.

Electron microscopy

Whole cells or isolated mitochondria were fixed in 2% formalde-

hyde and 0.2% glutaraldehyde (EM grade) for 12 h at 4°C, incu-

bated in 0.1 M glycine for 10 min at 22°C to remove free aldehydes,

dehydrated through a gradual series of ethanol to 100%, and trans-

ferred into a mixture of 50:50 (v/v) resin (Lowicryl K4M):100%

acetone for 2 h at 22°C. Samples were transferred to aliquots of

fresh resin (×3) and applied to filling embedding capsules for 48 h

at 60°C. Ultrathin sections were cut using an ultramicrotome

(Reichert-Jung Ultracut E), placed on nickel support rids, blocked in

4% BSA for 1 h at 22°C, and incubated with an antibody to PTEN or

control non-binding IgG. After the addition of gold-conjugated

secondary antibodies (1:40, TED PELLA), samples were washed,

exposed to OsO4 vapor for 1 h at 22°C, post-stained with uranyl

acetate and lead citrate, and analyzed on a Philips EM10 electron

microscope at 80 kV.

Western blots

Cells were rinsed with ice-cold 1× PBS and lysed in non-reducing

buffer containing 100 mM Tris–HCl, pH 6.8, 2% SDS, 50 mM IAA,

supplemented with PMSF and cocktail, or reducing buffer containing

additional 100 mM DTT. Cell lysates were separated by 8–12.5%

SDS–polyacrylamide gel, transferred to nitrocellulose membrane

(Bio-Rad, Richmond, CA), blocked by 5% nonfat milk in TBS,

and immunoblotted with the indicated antibodies. Followed by

incubation with horseradish peroxidase (HRP)-linked second

antibody (Cell signaling, Beverly, MA) at room temperature, detec-

tion was performed by SuperSignal West Pico Chemiluminescent

Substrate Kit (Pierce, Rockford, IL) according to the manufacturer’s

instructions.

Recombinant expression, in vitro incubation, and
DCP-Bio1 labeling

Recombinant full-length PTEN, AIF, and its mutants were expressed

in E. coli using the SUMO-fusion expression system (Life Sensor,

Tokyo, JP) and purified by nickel chelating, ion exchange, and gel

filtration columns as reported [67]. Recombinant proteins were kept

in 50 mM Tris–HCl, pH 7.8. Incubation reaction was carried out by

incubating PTEN and AIF alone or together in the presence of

200 lM NADH (Sigma-Aldrich) and protease inhibitors PMSF and

cocktail at 4°C for 1 h. Afterward, the mixtures were prepared under

reducing or non-reducing condition and analyzed with Western

blots. For DCP-Bio1 (KeraFAST, Boston, MA) labeling, the mixtures

were incubated with 500 lM DCP-Bio1 in the presence of 50 mM

IAA at 4°C for additionally 1 h. Finally, the mixtures were prepared

under reducing condition and analyzed with Western blots.

PTEN phosphatase activity assay

For endogenous PTEN phosphatase activity, SW620 cells with or

without AIF knockdown were lysed in phosphatase inhibitors-free

lysis buffer. PTEN proteins were immunoprecipitated from lysates
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with anti-PTEN antibody. Immunoprecipitates were then washed

twice, followed by a final wash in PTEN enzyme reaction buffer

(10 mM Hepes, 150 mM NaCl, 10 mM DTT pH 7.2). For recombi-

nant PTEN phosphatase activity, recombinant PTEN was incubated

with or without AIF. Then, the phosphatase reactions were done

following the manufacturer’s instructions (Echelon Biosciences) and

a previous study. Briefly, the immunoprecipitated PTEN proteins or

in vitro reactions were incubated with PTEN enzyme reaction buffer

for an appropriate amount of time at 37°C in a 96-well plate coated

with PI(3,4,5)P3. After the removal of PTEN proteins from plates,

PI(4,5)P2 was determined according to the manufacturer’s instruc-

tions. Absorbance was measured at 450 nm in a microplate reader,

and PI(4,5)P2 produced was calculated from a standard curve.

Immunofluorescence

Coverslip-grown cells were fixed in 4% paraformaldehyde for

15 min at room temperature and rinsed three times in PBS. Cover-

slips were permeabilized in 0.3% Triton X-100/PBS for 15 min and

rinsed three times in PBS. Then, coverslips were blocked in 2%

BSA/PBS for 1 h at room temperature. Primary antibodies were

applied at 1:100 dilution in staining buffer overnight at 4°C in a

humid chamber. Coverslips were subsequently washed three times.

Secondary antibodies (Alexa Fluor secondary 488, 595; Invitrogen)

were applied at 1:200 dilution in staining buffer for 1 h at 37°C in a

humid chamber in the dark. Prior to mounting with Vectorshield

with DAPI (Vector Laboratories, CA), coverslips were washed three

times more in PBS. Immunofluorescence analysis was conducted on

a Carl Zeiss LSM710 Laser Scanning Microscope.

Dual luciferase reporter assay

Luciferase activity was measured using the Dual-Luciferase Reporter

Assay System (Promega). Cells at 50% confluence in 12-well plates

were transfected using Lipofectamine 2000 (Invitrogen). Topflash/

Fopflash luciferase reporter plasmid kit was purchased from

Upstate, Millipore. All experiments were performed in triplicate.

Expressions of firefly and Renilla luciferases were analyzed 36 h

after transfection according to the manufacturer’s instructions.

Microarray datasets

Expression data of the TCGA Colon Adenocarcinoma, TCGA Breast

Invasive Carcinoma, and TCGA Lung Squamous Cell Carcinoma

datasets are RSEM Z-scored values and downloaded from http://

gdac.broadinstitute.org. Grasso Prostate dataset was downloaded

from Gene Expression Omnibus (GEO).

Animal experiments

Animal care and experiments were performed in strict accordance

with the “Guide for the Care and Use of Laboratory Animals” and

the “Principles for the Utilization and Care of Vertebrate Animals”

and were approved by the committee for humane treatment of

animals at Shanghai Jiao Tong University School of Medicine. We

inoculated shNC and shAIF-1 SW620 cells (5 × 106 each mouse)

subcutaneously into nude mice (Shanghai Laboratory of Animal

Center, Chinese Academy of Sciences), and tumor volume was

monitored every 2 days. One mouse from each group was sacrificed

at day 15, and tumors were harvested and cut into pieces in PBS.

Orthotopic implantation of the subcutaneous engraftment was

performed by suturing tumor mass (approximately 2 mm in diame-

ter) on the cecum wall. For intrasplenic injection, cells (3 × 106

each mouse) were injected into the spleen of nude mice.

Statistical analyses

All in vitro experiments were repeated at least three times. We

defined overall survival as the time from the date of diagnosis to the

subject’s death from colon cancer. Patients who were alive at the

last follow-up were censored at the last follow-up. Survival curves

were derived from Kaplan–Meier estimates, and we compared the

curves using log-rank test. Unless described, the P-values for

comparison between groups were obtained by Student’s t-test. All

statistical tests were two-sided, and P-value < 0.05 was considered

to be statistically significant.

Expanded View for this article is available online:

http://embor.embopress.org
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