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Abstract

We have previously identified actin filament-associated protein 1-like 1

(AFAP1L1) as a metastasis-predicting marker for spindle cell sarcomas by gene

expression profiling, and demonstrated that AFAP1L1 is involved in the cell

invasion process by in vitro analyses. However, its precise molecular function

has not been fully elucidated, and it remains unknown whether AFAP1L1 could

be a prognostic marker and/or therapeutic target of other malignancies. In this

study, we found a marked elevation of AFAP1L1 gene expression in colorectal

cancer (CRC) tissues as compared to the adjacent normal mucosa. Multivariate

analysis revealed that AFAP1L1 was an independent and significant factor for

the recurrence of rectal cancers. Moreover, the addition of the AFAP1L1

expression level to the lymph node metastasis status provided more predictive

information regarding postoperative recurrence in rectal cancers. AFAP1L1-

transduced CRC cells exhibited a rounded shape, increased cell motility on pla-

nar substrates, and resistance to anoikis in vitro. AFAP1L1 localized to the

ringed structure of the invadopodia, together with vinculin, and AFAP1L1 was

identified as a novel associating partner of vinculin by immunoprecipitation

assay. AFAP1L1-transduced cells showed accelerated tumor growth in vivo, pre-

sumably reflecting the anoikis resistance of these AFAP1L1-expressing cells. Fur-

thermore, the local administration of a siRNA against AFAP1L1 significantly

suppressed the in vivo tumor growth of xenografts, suggesting that AFAP1L1

might be a candidate therapeutic target for CRCs. These results suggest that

AFAP1L1 plays a role in the progression of CRCs by modulating cell shape and

motility and by inhibiting anoikis, presumably through interactions with vincu-

lin-including protein complexes.

Introduction

One of the most crucial steps in cancer progression is the

acquisition of the ability for tumor cells to invade across

the basement membrane and into the surrounding tissues,

which leads to metastatic spread and eventual

cancer-related death. During this process, tumor cells

usually reorganize their preexisting actin cytoskeleton and

change their cellular shapes [1]. Some motile cells adjust

their shapes constantly to the surrounding microenviron-

ment to optimize a migratory mode. There are at least

two different modes: mesenchymal and amoeboid migra-
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tion. Mesenchymal migration is a fibroblast-like move-

ment, depending strongly on the surrounding substrate

and sufficient cytoskeletal contractility. In contrast, amoe-

boid migration refers to the movement of rounded or

ellipsoid cells that lack mature focal adhesions and stress

fibers [2, 3]. These cellular morphological changes are

often associated with the formation of proteolytic protru-

sions. Unique protrusions on the ventral membrane with

adhesive and degradative properties were termed invado-

podia in cancer cell lines [4]. The proteolytic activity of

these invadopodia is induced mainly by the recruitment

of various matrix metalloproteases (MMPs), especially

membrane type 1 matrix metalloprotease (MT1-MMP),

MMP-2, and/or MMP-9 [5–8]. These specialized pro-

cesses for migration and/or invasion are regulated by a

number of molecules, including integrins, the Rho-family

of small GTPases (Rho-GTPases), focal adhesion kinase

(FAK), protein kinase C, and phosphatidylinositols, as

well as Src and MMPs [2, 3, 9].

Actin filament-associated protein 1-like 1 (AFAP1L1) is

a member of the AFAP family of proteins which includes

the well-investigated actin-bundling adaptor protein

AFAP1. Our previous study identified the AFAP1L1 gene

as a prognostic marker for spindle cell sarcomas utilizing

a genome-wide cDNA microarray. The downregulation of

AFAP1L1 in osteosarcoma cells markedly decreased their

invasion capability in matrix gels, and the ectopic overex-

pression of AFAP1L1 in immortalized human mesenchy-

mal stem cells resulted in a significant enhancement of

invasiveness. In addition, gelatin zymography demon-

strated increased MMP-9 secretion in AFAP1L1-overex-

pressed cells [10, 11]. Furthermore, Snyder and coworkers

reported the capability of AFAP1L1 to interact with cort-

actin in invadopodia from breast cancer cell lines [12].

These findings suggest that AFAP1L1 plays a role in cell

invasion during tumor progression.

However, there is a possibility that AFAP1L1 can exert

another tumor-promoting effect. In addition, it is an

intriguing issue whether the AFAP1L1 gene could be a

prognostic marker for other malignancies besides sarco-

mas. As it is known that AFAP1 interacts with both Src

and F-actin via its SH3 binding motif and actin-binding

domain [13, 14], we hypothesized that AFAP1L1 might

also interact with other cytoskeleton-related molecules

besides cortactin through multiple protein-binding motifs.

In this study, we analyzed AFAP1L1 gene expression in

tissue samples from colorectal cancer (CRC) patients, and

assessed its correlation with other clinicopathologic find-

ings. Taking the in vivo analyses into account, we con-

cluded that the AFAP1L1 gene could be a promising

candidate as a biomarker and/or therapeutic target for

CRCs. Furthermore, AFAP1L1 was involved in regulating

the shape and motility of CRC cells, and was identified as

a novel component of vinculin-including complexes by in

vitro analyses. We propose an intriguing framework

wherein AFAP1L1 plays a part in actin filament remodel-

ing for cellular dynamics, including morphology and

motility, partially through its interaction with vinculin.

Methods

Cell lines, antibodies, and reagents

All cell lines were obtained from the American Type Cul-

ture Collection (Manassas, VA). The anti-AFAP1L1 poly-

clonal antibody (Ab) was produced in our laboratory as

previously described [11]. Other Abs and Taqman probes

are listed in Table S1.

Tissue samples

Tumor samples were obtained from 164 CRC patients who

had undergone curative resections at the Department of

Surgery, Kyoto University Hospital during 1999–2001 for the
immunohistochemical analyses using formalin-fixed paraf-

fin-embedded sections, and from 33 and 28 CRC specimens

collected during 2006–2007 and 2012 for the reverse tran-

scription (RT)-PCR analyses using frozen samples, respec-

tively. The sixth edition of the tumor-node-metastasis

(TNM) classification was used for CRC staging, and the rectal

cancers included those located in the recto-sigmoid junction

and the upper and lower rectum. All samples were approved

for analysis by the Kyoto University Ethics Committee.

RT-PCR

RNA extraction, reverse transcription, and PCR amplifica-

tion were performed as previously described [11, 15]. The

expression levels of the target genes were normalized

against those of b-actin.

Immunohistochemical analyses

All immunohistochemical experiments were performed as

previously described [15]. The intensity of the immuno-

staining was evaluated at the invasion front as 0 (negative),

1 (weak) or 2 (strong) independently by two investigators

(R. T. and S. N.) who were blinded to each sample.

Expression vectors

The human AFAP1L1 gene was subcloned into a pLenti6/

V5-DEST vector (Invitrogen, Carlsbad, CA). As a control,

a b-galactosidase gene-expressing vector (pLenti6/V5-GW/

LacZ, Invitrogen) was used. Stable cells were selected with

blasticidin and several clones were isolated by limiting
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dilution. For the transient expression, the human

AFAP1L1, AFAP1, and vinculin genes were subcloned into

the pcDNA3.1+ plasmid tagged at the N-terminus with

39Flag or 39HA (Invitrogen). The transfection was car-

ried out using Lipofectamine 2000 (Invitrogen).

RNA interference

The siRNA experiments were performed as previously

described [16]. For the stable knockdown, the shRNA

against the AFAP1L1 gene was cloned into the pLenti6/

V5-DEST expression vector (Invitrogen). The cells were

then selected with blasticidin and were used without sin-

gle-cell cloning.

Time-lapse imaging

5 9 104 cells were seeded onto fibronectin (FN)-coated

(10 lg/mL) 24-well plates, and after a 9 h incubation,

images were captured every 4 min for 6 h with a CCM-

MULTI-KS system (ASTEC, Fukuoka, Japan), and were

processed using ImageJ software (NIH, Bethesda, MD)

with the Manual Tracking plug-in (http://rsbweb.nih.gov/

ij/plugins/track/track.html). All of the cells in random

view fields were tracked except for mitotic cells.

Animal experiments

RKO (2 9 106), LoVo (1 9 106) or SW480 (3 9 105)

CRC cells in phosphate buffered saline (PBS) were inocu-

lated subcutaneously (s.c.) into the flanks of 8-week-old

male KSN/Slc athymic nude mice (SLC, Shizuoka, Japan).

For in vivo siRNA treatment, 1 9 106 cells were inoculated

s.c., and at 2 weeks after the inoculation when the tumors

had reached a volume of approximately 100 mm3, the mice

were randomly divided into two treatment groups

(AFAP1L1-targeted siRNA and nontargeting siRNA). A

stealth RNAi siRNA Negative Control (Invitrogen) was

used as the control. The siRNAs were complexed with a-

telocollagen (Koken, Tokyo, Japan) to a final concentration

of 5 lmol/L, and injected into the tumor four times every

5 days. At 3 days after the initial siRNA administration,

some tumors were excised to confirm the silencing effect

on AFAP1L1 expression levels. At 34 days after the inocu-

lation, all of the tumors were excised and weighed. All

experiments with animals were approved by the Animal

Research Committee of Kyoto University and were con-

ducted according to the Animal Experiments Guidelines.

Immunofluorescence microscopy

Immunocytochemistry was performed as previously

described [11]. The images were obtained with a LSM710

confocal microscopic system (Carl Zeiss, Vienna, Austria)

using a 639 oil immersion lens.

Extracellular matrix-degradation assay

The assays were performed according to published proto-

cols [17]. 0.2% gelatin was labeled with Alexa Fluor 488

dye (gelatin-AF488). The cells were then seeded onto gel-

atin-AF488-coated coverslips in 12-well plates at 1 9 105

cells/well, and were fixed and immunostained 24 h later.

Western blotting and immunoprecipitation

The analyses were performed as previously described [15,

18].

Anoikis assay

The anoikis assays were performed according to published

protocols [19]. A total of 5 9 105 cells were suspended in

complete media containing 0.5% methylcellulose, and

were seeded onto poly-HEMA-coated plates. TdT-medi-

ated dUTP nick end labeling (TUNEL) staining was per-

formed using an in situ Apoptosis Detection Kit (TaKaRa

Bio, Shiga, Japan).

Statistical analyses

Two-sided Student’s t-tests and chi-square tests were per-

formed between two independent groups. Kaplan–Meier

curves were derived to assess the overall and disease-free

survivals (DFS), and significant differences in survival

times among the patient subgroups were analyzed using

log-rank tests. Univariate and multivariate analyses based

on logistic regression were used to identify the significant

factors relevant to recurrences. Leave-one-out cross-vali-

dation was employed to evaluate the predictive power of

the AFAP1L1 expression levels for recurrences. Pearson’s

correlation coefficient was calculated to evaluate the linear

dependence between two variables. A P value less than

0.05 was considered statistically significant.

Results

AFAP1L1 gene expression was upregulated
in CRC tissues

We first analyzed the expression levels of the AFAP1L1

gene by quantitative RT-PCR (qRT-PCR) using frozen

tissues from 33 CRC specimens (two cases at Stage I, 11

at Stage IIa, four at Stage IIb, nine at Stage III, and seven

at Stage IV, respectively) along with paired adjacent nor-

mal colonic mucosa samples. In 19 of 33 cases, the

ª 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 761

R. Takahashi et al. AFAP1L1 Modulates Cellular Shape and Motility



AFAP1L1 gene expression levels were upregulated in the

tumor tissues more than twofold higher than in the adja-

cent normal mucosa (log ratio >1.0, Fig. S1A). To con-

firm this result, a second set of 28 CRC samples were

analyzed (five cases at Stage I, nine at Stage IIa, two at

Stage IIb, six at Stage III, and six at Stage IV, respec-

tively). Overall, the AFAP1L1 gene expression levels were

upregulated in the tumor tissues in 69% of the cases (42/

61, Fig. 1A, Table S2). These results were found to be

consistent regardless of the different internal controls

(b-actin or b-2-microglobulin (B2M) gene expression)

(Fig. S1B). In addition, the expression levels of the other

members of the AFAP1 family, AFAP1 and AFAP1L2,

were examined using the first sample set. The AFAP1

gene expression levels were increased in the tumor tissues

in 36% of the specimens (12/33, Fig. S1C). Although the

expression patterns of the AFAP1 gene were weakly corre-

lated with those of the AFAP1L1 gene (Pearson’s correla-

tion coefficient r = 0.408, Fig. S1D), the ratios of the

expression levels of the AFAP1 gene in the tumors versus

normal matched samples (T/N) were lower as compared

to that of the AFAP1L1 gene (Fig. S1A and C). On the

other hand, the AFAP1L2 gene expression patterns were

random (Fig. S1E), and there were no significant correla-

tions between AFAP1L1 and AFAP1L2 gene expressions

(r = 0.122, Fig. S1F). Taken together, among the AFAP1

family, AFAP1L1 showed the most cancer-specific upregu-

lated expression pattern in CRC tissues.

The expression of AFAP1L1 was specific to
CRC cells

We then proceeded to an immunohistochemical analysis

using 164 CRC specimens to evaluate the intratumoral

distribution of the AFAP1L1 protein. The patient profiles

are summarized in Table S3. Although there was almost

no immunoreactivity observed for AFAP1L1 in the nor-

mal mucosa, the CRC tissues showed a homogenous im-

munostaining pattern in the cytoplasm (Fig. 1B). There

were no marked differences in the immunostaining inten-

sity among the cancer cells. In some slides, there was a

tendency for the expression levels to slightly increase in

the invasion front as compared to the superficial region.

No stromal cells including fibroblasts, macrophages, or

endothelial cells were immunostained.

The expression of AFAP1L1 was associated
with the recurrence of rectal cancers

To analyze the significance of AFAP1L1 expression in the

CRCs, the expression intensity was compared with respect

to various clinicopathologic factors. There were no signifi-

cant differences detected among any of the factors, except

for the significantly increased expression levels of

AFAP1L1 in colon cancers (P = 0.013, Table S4). Among

the 134 curative resections, there was no significant

impact on the overall survival or DFS rates according to

the expression levels (data not shown). In 80 curative

resections for rectal cancers, there was a tendency that the

DFS rates were better in those cases immunonegative for

AFAP1L1 expression as compared to the strongly immu-

nopositive cases (Fig. 1C). Multivariate logistic regression

analysis for recurrence in the 80 rectal cancers showed

that AFAP1L1 expression was an independent and signifi-

cant factor, along with the pathological assessment of the

regional lymph nodes (pN) status (Table S5). Although

the pN status was the most significant factor for recur-

rence in rectal cancers, a cross-validation analysis showed

that a combination of AFAP1L1 expression levels, pN sta-

tus, and vascular invasion degree provided more predic-

tive information regarding recurrences after curative

resections for rectal cancers (Fig. 1D).

AFAP1L1 had no effect on growth in vitro,
but correlated positively with tumor growth
in vivo

We next designed in vitro and in vivo analyses to elucidate

the function of AFAP1L1 in CRC cells. Among the 13 CRC

cell lines tested, RKO cells were employed as an AFAP1L1-

negative cell line, and LoVo cells were selected as the cell

line with the highest level of endogenous AFAP1L1 gene

expression (Fig. S2A). We then generated stable AFAP1L1-

transduced RKO cells (Fig. 2A), in which the expression

level of AFAP1L1 was higher than that of LoVo cells. The

bulk population (RKO/AFAP1L1) and the established sta-

ble clone A2 (A2) were used for further experiments. The

in vitro growth of RKO/AFAP1L1 cells showed no signifi-

cant differences as compared to parental RKO or b-galac-
tosidase-transduced control cells (RKO/LacZ) (Fig. 2B).

However, when inoculated s.c. into nude mice, the xeno-

grafts derived from the RKO/AFAP1L1 cells showed signif-

icantly more rapid growth (Fig. 2C). This result is

consistent with our previous finding in the osteosarcoma

cell line SaOS2 [11]. For further confirmation, the same

experiment was replicated using two selected stable clones

of AFAP1L1-transduced SW480 cells (SW480/AFAP1L1-1

and -2) and LacZ-transduced SW480 cells (SW480/LacZ)

(Fig. S2B). Although no differences were observed in terms

of in vitro cell growth (data not shown), the growth rates

of the in vivo xenografts were increased in proportion to

their AFAP1L1 expression levels (Fig. S2C).

Conversely, we also established stable LoVo-derived

cells whose endogenous AFAP1L1 protein was knocked

down by one of the two targeting sequences (shAFAP1L1-

1 and -2) and confirmed that silencing AFAP1L1 does
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Figure 1. AFAP1L1 expression is upregulated in colorectal cancer tissues. (A) Quantitative analyses of AFAP1L1 gene expression in CRC tissues

and the normal mucosa. The AFAP1L1 gene expression levels in 61 pairs of CRC tissue specimens and their adjacent normal mucosa were

analyzed by qRT-PCR. The AFAP1L1 expression levels were normalized against those of b-actin. The ratios of the normalized expressions in the

tumors relative to that of the matched normal mucosa in each patient were presented in base two logarithm (log2[T/N]). The dashed line indicates

log2[T/N] = 1. (B) Immunohistochemical analyses for AFAP1L1 expression in CRC tissues and the normal mucosa. Representative images of the

normal colonic mucosa (i, iii, v) and at the invasion front of the matched CRCs (ii, iv, vi) from three patients are shown. N and T in (i) indicate the

normal mucosa and tumor cells, respectively. Immunoreactivity for AFAP1L1 was defined as negative (i, iii, v), weak (ii) or strong (iv, vi). The

original magnifications are indicated in the figures; inset 4009. (C) Kaplan–Meier curves of the disease-free survival (DFS) rates after curative

resections for 80 rectal cancers according to their AFAP1L1 expression levels. Differences between the groups were analyzed using the log-rank

test, and the P values are shown in the figure. (D) Significance of AFAP1L1 as a predictive factor for recurrence. Changes in the cross-validation

errors regarding the prediction of recurrence in rectal cancers are shown according to a combination of covariates, including AFAP1L1 expression

levels (E), pN status (pN), age, gender, vascular invasion degree (v), and lymphatic invasion degree (ly).
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Figure 2. AFAP1L1 expression levels are positively correlated with cell growth in vivo. (A) Established RKO cells stably expressing the exogenous

AFAP1L1 gene and the selected clone A2 cells were analyzed by RT-PCR and immunoblotting. LacZ-transduced cells were used as the control. (B)

Growth curves of stable RKO-derived cells in vitro. The indicated cell lines were cultured on 60 mm dishes and were counted with a

hemocytometer every 24 h. (C) Growth curves of stable, RKO-derived cells in vivo. The indicated cell lines were inoculated into the flanks of nude

mice (N = 5 ~ 8 per group), and were measured by calipers every 7 days. (D) The silencing effects on AFAP1L1 expression levels in stable LoVo

cells expressing the indicated shRNA were determined by RT-PCR and immunoblotting. (E) Growth curves of LoVo cells expressing AFAP1L1 or
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measured on day 34 after the inoculation (H). The knocking-down effect of the siRNA was confirmed by immunoblotting using two and three
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represents an independent tumor treated with the indicated siRNA. The data are presented as means � SE. *P < 0.05; **P < 0.01 by two-sided

Student’s t-test.
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not affect in vitro cell growth (Figs. 2D, S2D, and S3A).

After inoculating these shRNA-treated LoVo cells, the in

vivo tumor growth was significantly attenuated in both

LoVo/shAFAP1L1-1 and -2-derived xenografts at 4 weeks

after the inoculation, and this tumor growth attenuation

persisted in the shAFAP1L1-1-derived tumors until

6 weeks after the inoculation (Fig. 2E).

In vivo growth of RKO/AFAP1L1 was
suppressed by the local administration of
siRNA against AFAP1L1

We next examined the therapeutic effect of siRNA treat-

ment against AFAP1L1 on the growth of A2-cell-derived

xenografts. AFAP1L1 siRNA-3 was used because it had

the strongest silencing effect (Figs. 2F and S3B). A mix-

ture of siRNA oligonucleotide and atelocollagen was

injected locally into palpable xenografts implanted into

nude mice. In the AFAP1L1 siRNA-3 treatment group,

the tumor growth was significantly inhibited (Fig. 2G

and H). This downregulation of AFAP1L1 expression fol-

lowing siRNA treatment was confirmed by western blot-

ting using extirpated tumor tissues (Figs. 2I and S3C).

This result further reinforces the contribution of

AFAP1L1 to the in vivo growth of CRC cell-derived xe-

nografts.

AFAP1L1 regulates cellular morphology and
motility on a 2D substrate

We observed a notable morphological change in RKO

cells due to the overexpression of AFAP1L1. The parental

RKO and RKO/LacZ cells exhibited either a predomi-

nantly flattened or elongated shape. In contrast, the cellu-

lar morphology of the RKO/AFAP1L1 and A2 cells was

drastically altered to a rounded shape (Fig. 3A, upper

panels). Furthermore, using time-lapse microscopy, the

AFAP1L1-transduced rounded cells were found to move

more rapidly on FN-coated dishes (Fig. 3A lower panels;

movies S1–S4). When quantifying the movement speed,

there was a clear correlation between the proportion of

rounded cells (Fig. 3B) and the mean speed of cellular

movement (Fig. 3C). Although FN can affect the cell

shape and motility, presumably by enhancing cell

adhesion to the dishes, the same experiments without

FN-coating showed similar results (Fig. S4A and B). We

observed no significant differences in the persistence of

this cellular movement (Fig. S4C). To confirm the effect

of AFAP1L1 on the cell shape, A2 cells were treated with

a siRNA against AFAP1L1 (Fig. 2F), which then showed a

reversion to a flattened morphology (Fig. 3D). The pro-

portion of rounded cells decreased in accordance with the

silencing efficiency on the AFAP1L1 levels (Fig. 2F and

E), thus indicating that AFAP1L1 was involved in the reg-

ulation of the morphology of CRC cells.

We next investigated the role of endogenous AFAP1L1

in cell morphology control and migration in shRNA-trea-

ted LoVo cells. Some of the LoVo/shAFAP1L1-1 and -2

cells showed a flattened morphology (Fig. 3F), and there

was a substantial but not statistically significant decrease

in the proportion of rounded cells after knocking down

the AFAP1L1 expression (Fig. 3G). However, no signifi-

cant changes in motility were detected among these cell

lines (data not shown). This may be partly due to an

insufficient knockdown effect against AFAP1L1 in the

LoVo cells, in which a significant amount of AFAP1L1

still functioned.

The tyrosine kinase Src is a well-documented protein

that causes cell rounding and enhances motility when acti-

vated [20]. Moreover, AFAP1 is known to interact with

Src, and they can activate each other [21]. Thus, we ana-

lyzed the levels of activated Src in these cells. The tyrosine

416 phosphorylation levels were almost equal among the

stable lines (Fig. S5A). Interestingly, a significant activation

of Src was evident in transient transfectants expressing

AFAP1, but not AFAP1L1 (Fig. S5B). Moreover, the inhi-

bition of Src activity by 4-amino-5-(4-chlorophenyl)-7-

(dimethylethyl) pyrazolo[3,4-d]pyrimidine (PP2)

treatment resulted in cell rounding (Fig. S5C–E). Taken
together, we speculate that the effect on cell shape and

motility induced by AFAP1L1 overexpression was not due

to a modulation of Src activation.

AFAP1L1 was clustered in the ringed
structure of the invadopodia

AFAP1L1 has been reported to be localized to the invado-

podia, along with cortactin, in breast cancer cells [12]. To

further elucidate the molecular mechanism of AFAP1L1

in the regulation of cell shape and motility, we first

reconfirmed the localization of AFAP1L1, together with

several component proteins, in the invadopodia. SaOS2

cells transiently expressing AFAP1L1 had several podo-

some-like actin-rich dots, which were seldom observed in

the mock-transfected cells (Fig. 4A). In most of these

cells, the focal adhesion structures were disassembled, and

actin stress fibers were also disorganized (Fig. 4B). When

cultured on a fluorescence-conjugated gelatin substrate,

these dots were involved in the degradation of the extra-

cellular matrix (ECM) (Fig. 4C), and thus we regarded

these structures as invadopodia. Overexpressed AFAP1L1

was clustered in these invadopodia (Fig. 4C), which is

consistent with a previous report [12]. Similarly, endoge-

nous AFAP1L1 was detected exactly on the ECM-degrad-

ing invadopodia in U2OS cells (Fig. S6A). We further

analyzed whether AFAP1L1 was colocalized with several
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other components of the invadopodia, including vinculin,

paxillin, Tks5, cortactin, and actin-related protein 2/3

complex (Arp2/3) in SaOS2 cells (Fig. 4D–H). AFAP1L1,

vinculin, paxillin, and Tks5 displayed a ringed structure,

whereas cortactin, Arp2/3, and F-actin seemed to form a

solid core within it. The diameter of the ringed structure

together with the solid core was approximately 2 lm
maximum, which was consistent with the average size of

an invadopodium with a ringed structure estimated in

previous reports [22, 23]. Thus, the whole structure was

presumed to be a single invadopodium rather than a

rosette consisting of fused invadopodia, and AFAP1L1

was localized to the ringed structure.

In AFAP1L1-transfected RKO cells, a dislocation of

vinculin and paxillin from the focal adhesions, and the

colocalization of AFAP1L1 with cortactin, Arp2/3, and F-

actin, were observed (Figs. 4I and S6B–D) as in

AFAP1L1-transfected SaOS2 cells (Fig. 4B). Therefore,

RKO cells shared a common phenotype with SaOS2 cells

with regard to the disassembly of focal adhesions when

overexpressing AFAP1L1. We could not, however, detect

either the formation of invadopodia nor ECM degrada-

tion. These results may be due to a lack of essential signal

transduction or integral components required to form

functional invadopodia in this cell line.

AFAP1L1 was associated with vinculin

These results prompted us to examine the possibility that

AFAP1L1 exerts a regulatory effect on cell shape and

motility together with a novel interacting partner. We

hypothesized that vinculin was the most likely candidate,

as vinculin was colocalized with AFAP1L1 in the ringed

structure of the invadopodia. In addition, our observa-

tions in the AFAP1L1-transduced cells as described above

were similar to the alterations in cell shape and motility

in vinculin-depleted cells [24, 25]. We hypothesized that

AFAP1L1 would negatively modulate the integral function

of vinculin. To examine whether AFAP1L1 would form a

complex with vinculin, coimmunoprecipitation experi-

ments were carried out. First, in RKO cells expressing

both flag-tagged AFAP1L1 (Flag-AFAP1L1) and HA-

tagged vinculin (HA-vinculin), Flag-AFAP1L1 was found

to be coimmunoprecipitated with HA-vinculin using an

anti-HA Ab (Fig. 5A). In addition, the direct interaction

between endogenous AFAP1L1 and vinculin was con-

firmed in LoVo cells using anti-AFAP1L1 and anti-vincu-

lin Abs (Fig. 5B). We did not detect the

coimmunoprecipitation of endogenous AFAP1L1 with

endogenous paxillin, cortactin, talin, tks5, FAK, p130Cas,

or Src (Fig. S7), although overexpressed AFAP1L1 was

reported to associate with overexpressed cortactin [12].

These results strongly support the interaction of AFAP1L1

with vinculin.

AFAP1L1-transduced cells were resistant to
anoikis

Vinculin-null F9 embryonic mouse carcinoma cells are

known to be resistant to apoptosis induced by detach-

ment from the cellular substrate (anoikis) or by serum

withdrawal [26]. To test our hypothesis that AFAP1L1

would be a functional regulator of vinculin, we finally

examined whether AFAP1L1 could alter the apoptotic sta-

tus. When RKO-derived cells were cultured for 72 h in

suspension or in serum-depleted media, the cleavage of

both caspase-3 and poly-ADP ribose polymerase (PARP)

were clearly reduced in RKO/AFAP1L1 and A2 cells cul-

tured in suspension, and a slight inhibition of PARP

cleavage was also observed upon serum deprivation

(Figs. 6A, S8). Anoikis resistance was further confirmed

by a decrease in the TUNEL-positive rates in A2 cells

(Fig. 6B and C). This result suggests the possibility that

AFAP1L1 could inhibit anoikis through interactions with

vinculin.

Discussion

AFAP1L1 is a member of the AFAP family of three pro-

teins, which also includes AFAP1 and AFAP1L2/XB130.

Among these proteins with structurally homologous pro-

tein-binding motifs, AFAP1, also known as AFAP-110, is

a well-studied Src-binding partner [13, 21, 27]. It has the

capability to alter actin filament integrity, and is involved

in the dynamics of the invadopodia [28–30]. AFAP1 and

AFAP1L2/XB130 associate with Src via their SH3-binding

motifs [21, 31]. In contrast, recent evidence suggests that

AFAP1L1 does not bind strongly to Src, but rather

Figure 3. AFAP1L1 expression levels are correlated with cellular morphology and motility. (A) Phase contrast images of stable RKO-derived cells

cultured on FN-coated glass slides (upper panel) and representative trajectories of the cellular movements (lower panel) (N = 5 for each cell line).

(B, C) The proportion of rounded cells (B) and the mean speed of cellular movement (C) of the indicated RKO-derived cells were measured. (D, E)

Phase contrast images (D) and the proportion of rounded A2 cells (E) treated without (none) or with the indicated siRNAs. (F, G) Phase contrast

images (F) and the proportion of rounded stable LoVo cells (G) expressing the indicated shRNA. The P value was calculated by a two-sided

Student’s t-test. The migration speeds were calculated by measuring temporal changes in the positions of the cell nuclei. Approximately 200 cells

(177–219) per group were tracked in three independent experiments and the results are presented as means � SE. *P < 0.05; **P < 0.01;

***P < 0.001 by two-sided Student’s t-test.
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associates with cortactin, and that AFAP1L1 and cortactin

colocalize within the invadopodia [12].

In this study, we demonstrated the possible interaction

of AFAP1L1 with vinculin. Vinculin is an adaptor protein

which localizes to integrin-mediated cell-matrix adhesions

such as focal adhesions and invadopodia [32, 33]. It stabi-

lizes these focal adhesions and has been described as a sup-

presser of cellular migration [34, 35]. The loss of vinculin

expression is likely to endow these cells with metastatic

potential [33]. Indeed, low levels of vinculin expression

are related to metastatic spread in squamous cell carcino-

mas [36]. Furthermore, the knocking-out of vinculin

expression altered the phenotype drastically in F9 and

mouse embryonic fibroblast cells. These vinculin-null cells

showed a rounded shape, and had smaller focal adhesion

complexes with increased motility on a planar substrate

[24, 25], which bear close resemblance to the AFAP1L1-

transduced RKO cells in this study. We showed the colo-

calization of overexpressed AFAP1L1 with vinculin in

invadopodia, and also the possible interaction of endoge-

nous AFAP1L1 with vinculin. Collectively, these results

strongly support the hypothesis that the AFAP1L1-induced

alterations in cell shape and motility are mediated through

its interactions with vinculin. In contrast, it is well-estab-

lished that Rho-GTPases definitely play a critical role in

the regulation of the actin cytoskeleton, including the cell

shape and migration [6, 37–40]. However, Rho-GTPases

are regulated by numerous proteins, and their precise reg-

ulatory mechanisms are not yet fully understood. Several

reports have demonstrated that vinculin function is also

influenced by Rho-GTPases [41, 42]. Further studies are

needed to elucidate the detailed regulatory pathway

involving AFAP1L1, vinculin and Rho-GTPases.

Invadopodia are highly dynamic protrusions at the sub-

strate-contacting side of the cell [43], and are involved in

the degradation of the ECM [44]. We have reported that

the ectopic expression of AFAP1L1 in immortalized mes-

enchymal stem cells resulted in enhanced migration in

matrix gels [11].

In the present study, the ectopic overexpression of

AFAP1L1 induced the detachment of vinculin from the

focal adhesions in both RKO and SaOS2 cells, which

probably reflected the disassembly of these structures.

The disassembly of focal adhesions can lead to alterations

in both cell shape and motility, presumably as a

Figure 4. Localization of AFAP1L1 with component proteins in the invadopodia. (A–H) SaOS2 cells were transiently transfected with a mock or

Flag-tagged AFAP1L1 expression plasmid, and were then stained at 24 h after transfection. (A, B) The cells were stained with rhodamine-

conjugated phalloidin (F-actin, red), vinculin (green, except for [A]) and DAPI (blue). (A) Distribution of F-actin. In the AFAP1L1-transfected cells,

the stress fibers were disassembled and the F-actin was aggregated into dots formed at the cell periphery. (B) Disassembly of focal adhesions. In

the AFAP1L1-transfected cells with actin-rich dots, vinculin was detached from the focal adhesions at the tip of the actin stress fibers (solid

arrows) as compared to the mature focal adhesions in the nontransfected cells (open arrows). (C) Colocalization of actin-rich dots with gelatin

degradation spots. The cells were seeded onto AF488-conjugated gelatin (gelatin-AF488). The areas of gelatin degradation appear as

fluorescence-negative spots beneath the cells. The arrows indicate newly formed invadopodia, which were merged with the gelatin degradation

spots. The x–z plane image obtained between the two arrowheads shows the depth of the actin-rich protrusion invading into the gelatin

substrate. (D–H) Localization and distribution of AFAP1L1 and other molecules in the invadopodia. The cells were stained for the indicated

component proteins of the invadopodia (blue), Flag (AFAP1L1, green) and rhodamine-conjugated phalloidin (red). The upper four panels are

magnified X–Y and X–Z plane images of the boxed areas in the lowest panel. (I) RKO cells were transiently transfected with a 39Flag-tagged

AFAP1L1 expression plasmid, and seeded onto FN-coated glass slides. The cells were then immunostained at 24 h after transfection for the

indicated component proteins in the invadopodia (green), Flag (AFAP1L1, blue), and rhodamine-conjugated phalloidin (F-actin, red). The solid

arrows indicate the detachment of vinculin from the focal adhesions as compared to the nontransfected cells (open arrows). The localization of

each protein and the degradation of gelatin-AF488 are shown in the grayscale individually, as well as in each indicated color on the merged

images, and counterstained for the nuclei with DAPI in (A) and (B). Scale bars: 10 lm.
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consequence of reduced cell-matrix contacts [35], and it

also generally coincides with the dynamic formation of

podosomes/invadopodia [22, 45]. We previously showed

a significant decrease in matrix invasion after AFAP1L1

knocking-down in U2OS cells [11]. In this study, we

failed to observe clear invadopodia in the CRC cells

employed. In addition, there were no significant effects

of AFAP1L1 on the invasion capability of CRC cells

using a conventional assessment with Boyden-chambers

(data not shown). Thus, AFAP1L1 does not seem to con-

tribute to the matrix-degrading invasion in the CRC cells

used in this study. We have no clear explanation for the

difference between sarcoma cells and CRC cells. We spec-

ulate that the basic physiologic function of AFAP1L1

may be to modulate cell-matrix interactions through vin-

culin, and that this effect may result in different cellular

phenotypes in different types of cells, such as sarcoma

and carcinoma cells, which have different intrinsic char-

acteristics in terms of their cell-matrix interactions [46].

The discrepancy between the insufficient knocking-down

effect on cell motility and the significant attenuation of

in vivo growth in LoVo cells remains unknown.

AFAP1L1 might play a more critical role in cell survival

in the in vivo environment as compared to in vitro cul-

ture.

It is intriguing that the AFAP1L1-transduced cells

became resistant to anoikis. There is an open question

from the previous study and from this study about the

striking difference in the effects of AFAP1L1 on cell

growth in vitro versus its matched xenograft in vivo. We

speculate that this may reflect the extent of anoikis

induced by some extracellular stimuli. Subcutaneous

injections of a cell suspension in PBS are highly likely to

evoke a significant increase in anoikis-related signaling
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cascades. Nevertheless, due to the acquisition of resistance

against anoikis, AFAP1L1-expressing cells might survive

this critical step, especially at the very beginning of xeno-

graft formation, and consequently grew faster. Collec-

tively, we hypothesized that the adverse impact of

upregulated AFAP1L1 expression on the treatment out-

comes of CRCs might be attributable to enhanced cell

motility and increased anoikis resistance, rather than to

enhanced invasion capability through the degradation of

the surrounding matrix.

In conclusion, AFAP1L1 gene expression was upregulat-

ed in CRC cells, and targeted treatment against AFAP1L1

was found to be effective in a mouse xenograft model. In

the multivariate logistic regression analysis for recurrence

in patients with rectal cancers, strong AFAP1L1 protein

expression was found to be an independent and signifi-

cant factor. AFAP1L1 can modulate cell shape and motil-

ity, presumably partially through interactions with

vinculin, and may play a role in the inhibition of anoikis.

However, the mechanism by which AFAP1L1 regulates

the function of vinculin remains unknown. With regard

to the regulation of AFAP1L1 gene expression, we demon-

strated that the binding motifs of one of the major tran-

scriptional factors, specificity protein 3 (Sp3), which is

located upstream of the AFAP1L1 gene transcription start

site, are essential for the induction of AFAP1L1 gene

expression [47]. There are several new and intriguing

reports that propose a role for AFAP1L1 in the initiation

and progression of CRCs. Using genome-wide mRNA

expression profiling and mass spectrometry, the AFAP1L1

gene was identified as one of the candidate genes specifi-

cally upregulated in a leucine-rich repeat containing G

protein-coupled receptor 5 (Lgr5)-positive human intesti-

nal stem cells (ISC) [48]. In addition, the expression pat-

terns of the ISC-specific genes, including the AFAP1L1

gene, could predict disease relapses in CRC patients [49].

Further investigation is underway to establish the impor-

tance of this protein as a molecular biomarker, and as a

therapeutic target for CRCs and to uncover its role in

cancer progression.
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The molecular mechanisms of transition between

mesenchymal and amoeboid invasiveness in tumor cells.

Cell. Mol. Life Sci. 67:63–71.

4. Chen, W. T. 1989. Proteolytic activity of specialized

surface protrusions formed at rosette contact sites of

transformed cells. J. Exp. Zool. 251:167–185.

5. Linder, S. 2007. The matrix corroded: podosomes and

invadopodia in extracellular matrix degradation. Trends

Cell Biol. 17:107–117.

6. Buccione, R., G. Caldieri, and I. Ayala. 2009. Invadopodia:

specialized tumor cell structures for the focal degradation

of the extracellular matrix. Cancer Metastasis Rev. 28:137–

149.

7. Clark, E. S., A. S. Whigham, W. G. Yarbrough, and A. M.

Weaver. 2007. Cortactin is an essential regulator of matrix

metalloproteinase secretion and extracellular matrix

degradation in invadopodia. Cancer Res. 67:4227–4235.

8. Saltel, F., T. Daubon, A. Juin, I. E. Ganuza, V. Veillat, and

E. G�enot. 2010. Invadosomes: intriguing structures with

promise. Eur. J. Cell Biol. 90:100–107.

9. Murphy, D. A., and S. A. Courtneidge. 2011. The “ins”

and “outs” of podosomes and invadopodia: characteristics,

formation and function. Nat. Rev. Mol. Cell Biol. 12:413–

426.

10. Nagayama, S., T. Katagiri, and T. Tsunoda. 2002.

Genome-wide analysis of gene expression in synovial

sarcomas using a cDNA microarray. Cancer Res. 62:5859–

5866.

11. Furu, M., Y. Kajita, S. Nagayama, T. Ishibe, Y. Shima,

K. Nishijo, et al. 2011. Identification of AFAP1L1 as a

prognostic marker for spindle cell sarcomas. Oncogene

30:4015–4025.

12. Snyder, B. N., Y. Cho, Y. Qian, J. E. Coad, D. C. Flynn,

and J. M. Cunnick. 2011. AFAP1L1 is a novel adaptor

protein of the AFAP family that interacts with cortactin

and localizes to invadosomes. Eur. J. Cell Biol. 90:376–389.

13. Flynn, D. C., T. H. Leu, A. B. Reynolds, and J. T. Parsons.

1993. Identification and sequence analysis of cDNAs

encoding a 110-kilodalton actin filament-associated

pp60src substrate. Mol. Cell. Biol. 13:7892–7900.

14. Qian, Y., J. M. Baisden, H. G. Zot, W. B. Van Winkle, and

D. C. Flynn. 2000. The carboxy terminus of AFAP-110

modulates direct interactions with actin filaments and

regulates its ability to alter actin filament integrity and

induce lamellipodia formation. Exp. Cell Res. 255:102–113.

15. Kohno, Y., T. Okamoto, T. Ishibe, S. Nagayama, Y. Shima,

K. Nishijo, et al. 2006. Expression of claudin7 is tightly

ª 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 771

R. Takahashi et al. AFAP1L1 Modulates Cellular Shape and Motility



associated with epithelial structures in synovial sarcomas

and regulated by an Ets family transcription factor, ELF3.

J. Biol. Chem. 281:38941–38950.

16. Fukukawa, C., S. Nagayama, T. Tsunoda, J. Toguchida, Y.

Nakamura, and T. Katagiri. 2009. Activation of the

non-canonical Dvl-Rac1-JNK pathway by Frizzled

homologue 10 in human synovial sarcoma. Oncogene

28:1110–1120.

17. Artym, V. V., K. M. Yamada, and S. C. Mueller. 2009.

ECM degradation assays for analyzing local cell invasion.

Methods Mol. Biol. 522:211–219.

18. Nagayama, S., C. Fukukawa, T. Katagiri, T. Okamoto, T.

Aoyama, N. Oyaizu, et al. 2005. Therapeutic potential of

antibodies against FZD 10, a cell-surface protein, for

synovial sarcomas. Oncogene 24:6201–6212.

19. Folkman, J., and A. Moscona. 1978. Role of cell shape in

growth control. Nature 273:345–349.

20. Yeatman, T. J. 2004. A renaissance for SRC. Nat. Rev.

Cancer 4:470–480.

21. Guappone, A. C., and D. C. Flynn. 1997. The integrity of

the SH3 binding motif of AFAP-110 is required to

facilitate tyrosine phosphorylation by, and stable complex

formation with Src. Mol. Cell. Biochem. 175:243–252.

22. Lener, T., G. Burgstaller, L. Crimaldi, S. Lach, and M.

Gimona. 2006. Matrix-degrading podosomes in smooth

muscle cells. Eur. J. Cell Biol. 85:183–189.

23. Branch, K. M., D. Hoshino, and A. M. Weaver. 2012.

Adhesion rings surround invadopodia and promote

maturation. Biol. Open 1:711–722.

24. Rodrı́guez Fernández, J. L., B. Geiger, D. Salomon, and A.

Ben-Ze’ev. 1993. Suppression of vinculin expression by

antisense transfection confers changes in cell morphology,

motility, and anchorage-dependent growth of 3T3 cells. J.

Cell Biol. 122:1285–1294.

25. Xu, W., J. L. Coll, and E. D. Adamson. 1998. Rescue of

the mutant phenotype by reexpression of full-length

vinculin in null F9 cells; effects on cell locomotion by

domain deleted vinculin. J. Cell Sci. 111:1535–1544.

26. Subauste, M. C., O. Pertz, E. D. Adamson, C. E. Turner, S.

Junger, and K. M. Hahn. 2004. Vinculin modulation of

paxillin-FAK interactions regulates ERK to control survival

and motility. J. Cell Biol. 165:371–381.

27. Qian, Y., J. M. Baisden, E. H. Westin, A. C. Guappone, T.

C. Koay, and D. C. Flynn. 1998. Src can regulate carboxy

terminal interactions with AFAP-110, which influence

self-association, cell localization and actin filament

integrity. Oncogene 16:2185–2195.

28. Baisden, J. M., A. S. Gatesman, L. Cherezova, B. H. Jiang,

and D. C. Flynn. 2001a. The intrinsic ability of AFAP-110

to alter actin filament integrity is linked with its ability to

also activate cellular tyrosine kinases. Oncogene 20:6607–

6616.

29. Baisden, J. M., Y. Qian, H. M. Zot, and D. C. Flynn.

2001b. The actin filament-associated protein AFAP-110 is

an adaptor protein that modulates changes in actin

filament integrity. Oncogene 20:6435–6447.

30. Gatesman, A., V. G. Walker, J. M. Baisden, S. A. Weed,

and D. C. Flynn. 2004. Protein kinase Calpha activates

c-Src and induces podosome formation via AFAP-110.

Mol. Cell. Biol. 24:7578–7597.

31. Xu, J., X.-H. Bai, M. Lodyga, B. Han, H. Xiao, S.

Keshavjee, et al. 2007. XB130, a novel adaptor protein for

signal transduction. J. Biol. Chem. 282:16401–16412.

32. Block, M. R., C. Badowski, A. Millon-Fremillon, D.

Bouvard, A.-P. Bouin, E. Faurobert, et al. 2008.

Podosome-type adhesions and focal adhesions, so alike yet

so different. Eur. J. Cell Biol. 87:491–506.

33. Carisey, A., and C. Ballestrem. 2011. Vinculin, an adapter

protein in control of cell adhesion signalling. Eur. J. Cell

Biol. 90:157–163.

34. Ziegler, W. H., R. C. Liddington, and D. R. Critchley.

2006. The structure and regulation of vinculin. Trends Cell

Biol. 16:453–460.

35. Mierke, C. T. 2009. The role of vinculin in the regulation

of the mechanical properties of cells. Cell Biochem.

Biophys. 53:115–126.

36. Lifschitz-Mercer, B., B. Czernobilsky, E. Feldberg, and B.

Geiger. 1997. Expression of the adherens junction protein

vinculin in human basal and squamous cell tumors:

relationship to invasiveness and metastatic potential. Hum.

Pathol. 28:1230–1236.

37. Jaffe, A. B., and A. Hall. 2005. Rho GTPases: biochemistry

and biology. Annu. Rev. Cell Dev. Biol. 21:247–269.

38. Stylli, S. S., A. H. Kaye, and P. Lock. 2008. Invadopodia:

at the cutting edge of tumour invasion. J. Clin. Neurosci.

15:725–737.

39. Parise, L. V., J. Lee, and R. L. Juliano. 2000. New aspects

of integrin signaling in cancer. Semin. Cancer Biol.

10:407–414.

40. Spiering, D., and L. Hodgson. 2011. Dynamics of the

Rho-family small GTPases in actin regulation and motility.

Cell Adh. Migr. 5:170–180.

41. Deakin, N. O., C. Ballestrem, and C. E. Turner. 2012.

Paxillin and Hic-5 interaction with vinculin is

differentially regulated by Rac1 and RhoA. PLoS ONE 7:

e37990.

42. Halstead, J. R., N. E. Savaskan, I. van den Bout, F. Van

Horck, A. Hajdo-Milasinovic, M. Snell, et al. 2010. Rac

controls PIP5K localisation and PtdIns(4,5)P₂ synthesis,

which modulates vinculin localisation and neurite

dynamics. J. Cell Sci. 123:3535–3546.

43. Linder, S. 2009. Invadosomes at a glance. J. Cell Sci.

122:3009–3013.

44. Gimona, M., R. Buccione, S. Courtneidge, and S. Linder.

2008. Assembly and biological role of podosomes and

invadopodia. Curr. Opin. Cell Biol. 20:235–241.

45. Gimona, M., and R. Buccione. 2006. Adhesions that

mediate invasion. Int. J. Biochem. Cell Biol. 38:1875–1892.

772 ª 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

AFAP1L1 Modulates Cellular Shape and Motility R. Takahashi et al.



46. Friedl, P. 2004. Prespecification and plasticity: shifting

mechanisms of cell migration. Curr. Opin. Cell Biol.

16:14–23.

47. Kajita, Y., T. Kato, S. Tamaki, M. Furu, R. Takahashi, S.

Nagayama, et al. 2013. The transcription factor Sp3

regulates the expression of a metastasis-related marker of

sarcoma, actin filament-associated protein 1-like 1

(AFAP1L1). PLoS ONE 8:e49709.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Differential expression patterns of AFAP family

members in CRC tissues. (A) The expression levels of the

AFAP1L1 gene were assessed by qRT-PCR using the first

set of 33 CRC tissues. The ratios of b-actin-normalized

expression in the tumors relative to that of the matched

normal mucosa were presented in base two logarithm

(log2[T/N]). (B) The correlation between the b-actin-nor-
malized T/N ratio (x-axis) with the b-2-microglubulin-

normalized ratio (B2M, y-axis) in all 61 samples is shown

with the fitted linear regression. (C–F) Using the same 33

sample pairs as in (A), the AFAP1 (C) and AFAP1L2 (E)

gene expression levels were also analyzed by qRT-PCR.

The correlation between the expression level of the

AFAP1 (D) or AFAP1L2 (F) gene with the AFAP1L1 gene

in these 33 tumor samples is shown with the fitted linear

regression. In (A, C, and E), the ratios of the b-actin-nor-
malized expression in the tumors relative to the matched

normal mucosa were presented in base two logarithm

(log2[T/N]). The dashed line indicates log2[T/N] = 1. The

R value of Pearson’s correlation coefficient was also calcu-

lated and presented in (B), (D), and (F).

Figure S2. In vitro and in vivo cell growth. (A) 13 CRC

cell lines were analyzed for AFAP1L1 expression by

RT-PCR and western immunoblotting. (B) The expres-

sion levels of AFAP1L1 in SW480 cells stably expressing

AFAP1L1 were determined by RT-PCR and immunoblot-

ting. LacZ-transduced cells were used as a control. (C)

Growth curves of subcutaneous xenografts derived from

SW480 cells stably expressing AFAP1L1 in nude mice

(n = 4 per group). (D) In vitro growth curves of stable

LoVo-derived cells used in Figure 2D. The indicated cell

lines were cultured on 60 mm dishes and were counted

with a hemocytometer every 24 h. The data are presented

as means � SE. *P < 0.05 by two-sided Student’s t-test.

Figure S3. Quantification of the signal intensity in immu-

noblotting. The signal intensities of the AFAP1L1 protein

after immunoblotting in Figure 2D (A), 2F (B), and 2I

(C) were quantified and normalized against b-actin. The
results are presented as a ratio relative to the respective

control sample.

Figure S4. The effects of AFAP1L1 expression on cellular

morphology and motility are not fibronectin-dependent.

The proportion of rounded cells (A) and the mean speed

of cellular movement (B) of the indicated stable RKO-

derived cell lines on either FN-coated or noncoated dishes

were measured. The same data as in Figure 3B and C in

the FN-coated group are also shown for comparison. (C)

The persistence of cellular movement in each cell line and

their conditions were calculated by dividing the total dis-

tance migrated by the net distance migrated. The P value

was calculated by a two-sided Student’s t-test. The data

are presented as means � SE. *P < 0.05; **P < 0.01 by

two-sided Student’s t-test; N.S., not significant.

Figure S5. The effects of AFAP1L1 expression on cellular

morphology and motility are not correlated with Src acti-

vation status. (A) Cell lysates from stable RKO cells were

analyzed for phosphorylation at Src tyrosine 416 (Src

pY416) by immunoblotting. The expression level of total

Src is shown as a loading control. (B) RKO cells were

transiently transfected with mock, AFAP1L1 or AFAP1

expression plasmids, and then the cell lysates were ana-

lyzed for Src pY416. (C–E) Stable RKO-derived cells were

treated with 10 lmol/L PP2 for 4 h. (C) The attenuation

of Src pY416 after the PP2 treatment was confirmed by

immunoblotting. The changes in cellular morphology

were quantified in (D), and representative phase contrast

images are shown in (E). The data are presented as

means � SE. *P < 0.05 by two-sided Student’s t-test.

Figure S6. Localization of AFAP1L1 with component pro-

teins in the invadopodia. (A) Localization of endogenous

AFAP1L1 in the invadopodia. U2OS cells were seeded

onto gelatin-AF488 for 24 h, and then immunostained

with an anti-AFAP1L1 Ab (blue) and rhodamine-conju-

gated phalloidin (red). An arrow indicates the complete

merge of the aggregated invadopodia with the gelatin deg-

radation spots, and also with endogenous AFAP1L1

expression. The lower panels are magnified views of the

boxed area in the upper panels. *, nonspecific immuno-

staining of the nuclei by an anti-AFAP1L1 Ab. (B–D)
RKO cells were transiently transfected with a 39Flag-

tagged AFAP1L1 expression plasmid and seeded onto

FN-coated glass slides. The cells were then
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immunostained at 24 h after transfection with the indi-

cated component proteins for the invadopodia (green),

Flag (AFAP1L1, blue), and rhodamine-conjugated phalloi-

din (F-actin, red). The solid arrows in (B) indicate the

detachment of paxillin from the focal adhesions as com-

pared to the nontransfected cells (open arrows). The

arrows in (C) and (D) indicate the aggregation of cortac-

tin (C) or Arp2/3 (D) on the ventral side of the cell sur-

face, which are merged with the signals from both

AFAP1L1 and F-actin. The localization of each protein is

shown in the grayscale individually, as well as in each

indicated color on the merged images. Scale bars: 10 lm.

Figure S7. AFAP1L1 is not coprecipitated with other

component proteins in the invadopodia or the focal adhe-

sions. LoVo-derived whole cell lysates were immunopre-

cipitated with the anti-AFAP1L1 Ab as in Figure 5D, and

subsequently immunoblotted with the indicated Abs

against component proteins in the invadopodia or focal

adhesions. A whole cell lysate (WCL) was loaded as a

positive control. *: nonspecific band.

Figure S8. AFAP1L1-transduced RKO cells are resistant

to apoptosis induced by serum deprivation. Stable RKO-

derived cells were cultured for 72 h in serum-depleted

media. The whole cell lysates were immunoblotted with

an anti-cleaved PARP Ab.

Table S1. Antibodies and Taqman probes used in the

study. The anti-AFAP1L1 polyclonal Ab was produced in

our laboratory. The other Abs were purchased from the

indicated companies. Taqman probes were purchased

from Applied Biosystems (Carlsbad, CA). IHC, immuno-

histochemistry; IF, immunofluorescence; WB, western

blotting; IP, immunoprecipitation.

Table S2. Mean threshold cycle (Ct) values of frozen

samples from CRC patients. The mean Ct values for the

AFAP1L1, b-actin, and B2M gene in the tumors and the

adjacent normal mucosa from the 61 CRC patients ana-

lyzed by qRT-PCR in this study are listed.

Table S3. Demographics of the CRC patients for immu-

nohistochemical analysis. The patient profiles of the 164

CRC specimens evaluated by immunohistochemistry in

this study. SD, standard deviation.

Table S4. Correlation between clinicopathologic features

and AFAP1L1 expression levels. The expression intensity

was compared among various clinicopathologic factors. v2

test, chi-square test.

Table S5. Logistic regression analysis for recurrence in

curative resections for rectal cancers. Multivariate logistic

regression analysis for recurrence in the 80 rectal cancers.

AFAP1L1, actin filament-associated protein 1-like 1; pN,

pathological nodal stage; M, male; F, female.

Movie S1. Motility of stable RKO-derived cells on a 2D

substrate. Stable RKO-derived cells were seeded onto FN-

coated dishes, and their movements were captured by

time-lapse microscopy every 4 min for 6 h (parental RKO

cells).

Movie S2. Motility of stable RKO-derived cells on a 2D

substrate. Stable RKO-derived cells were seeded onto FN-

coated dishes, and their movements were captured by

time-lapse microscopy every 4 min for 6 h (RKO/LacZ

cells).

Movie S3. Motility of stable RKO-derived cells on a 2D

substrate. Stable RKO-derived cells were seeded onto FN-

coated dishes, and their movements were captured by

time-lapse microscopy every 4 min for 6 h (RKO/

AFAP1L1 cells).

Movie S4. Motility of stable RKO-derived cells on a 2D

substrate. Stable RKO-derived cells were seeded onto FN-

coated dishes, and their movements were captured by

time-lapse microscopy every 4 min for 6 h (A2 cells).
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