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Abstract

Invadopodia formation is a key driver of cancer metastasis. The noncanonical IkB-related kinase IKKe has
been implicated in cancer metastasis, but its roles in invadopodia formation and colorectal cancer (CRC)

metastasis are unclear.

Methods: Immunofluorescence, gelatin-degradation assay, wound healing assay and transwell invasion
assay were used to determine the influence of IKKe over-expression, knockdown and pharmacological
inhibition on invadopodia formation and the migratory and invasive capacity of CRC cells in vitro. Effects
of IKKe knockdown or pharmacological inhibition on CRC metastasis were examined in mice.
Immunohistochemistry staining was used to detect expression levels of IKKe in CRC patient tissues, and
its association with prognosis in CRC patients was also analyzed. Inmunoprecipitation, western blotting
and in vitro kinase assay were constructed to investigate the molecular mechanisms.

Results: IKKe co-localizes with F-actin and the invadopodia marker Tks5 at the gelatin-degrading sites of
CRC cells. Genetic over-expression/knockdown or pharmacological inhibition of IKKe altered
invadopodia formation and the migratory and invasive capacity of CRC cells in vitro. In vivo, knockdown or
pharmacological inhibition of IKKe significantly suppressed metastasis of CRC cells in mice. IKKe
knockdown also inhibited invadopodia formation in vivo. Clinical investigation of tumor specimens from
191 patients with CRC revealed that high IKKe expression correlates with metastasis and poor prognosis
of CRC. Mechanistically, IKKe directly binds to and phosphorylates kindlin-2 at serine 159; this effect
mediates the IKKe-induced invadopodia formation and promotion of CRC metastasis.

Conclusions: We identify IKKe as a novel regulator of invadopodia formation and a unique mechanism
by which IKKe promotes the metastasis of CRC. Our study suggests that IKKE is a potential target to

suppress CRC metastasis.
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Introduction

Colorectal cancer (CRC) is the second leading
cause of cancer-related death worldwide [1]. The
majority of cancer mortalities are due to metastasis,
which is a complicated process that requires cancer

cells to escape from the primary tumor, intravasate
into the bloodstream and extravasate to form new
tumors at distant sites [2]. During these events,
invasive cancer cells form invadopodia — specialized
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F-actin-based membrane structures with proteolytic
activity — that can penetrate through the epithelial
and endothelial basement membrane by degrading
the extracellular matrix (ECM) [3, 4]. Invadopodia
locate on ECM-degraded sites in many cancer cells, as
observed in cell lines derived from CRC and primary
tumor cells from patients [5, 6].

The ability of cancer cells to form invadopodia
correlates well with their invasive behavior both in
vitro and in vivo [7, 8]. Direct in vivo visualization and
characterization of invadopodia formation and
function in cancer cells during the metastasis
(including invasion, intravasation and extravasation)
strongly indicate the key functional role of
invadopodia in cancer metastasis [9, 10]. Invadopodia
form in response to various microenvironmental
signals such as growth factors, hypoxia and ECM
proteins [3]. A large numbers of structural proteins
and regulatory proteins that regulate actin dynamics,
including cortactin, wiskott-aldrich syndrome protein
(WASp), actin-related protein 2/3 (Arp2/3) complex,
Rho-GTPases and adaptor proteins, such as Tks4 and
Tks5 are also required [3, 4, 11]. Although
invadopodia formation has been well characterized,
the molecular mechanisms of its regulation are still
unclear.

The serine/threonine kinase IkB kinase subunit
epsilon (IKKe) is a non-cannonical IKK kinase family
member that shares about ~27% similarity to the
canonical members of the IKK family of protein
kinases IKKa and IKKP. IKKe was originally
identified as a breast cancer oncogene and
consistently, its expression is typically amplified in
breast cancers [12]. Elevated IKKe levels are also
found in several other cancers, including glioma,
pancreatic cancer and ovarian cancer [13-15]. IKKe
promotes tumorigenesis by activating several
signaling pathways, such as NF-kB and JAK/STAT
pathways [16, 17]. In addition, IKKe exhibits
oncogenic function by directly phosphorylating and
inhibiting tumor suppressors, including cylindro-
matosis (CYLD) and Forkhead box O 3a (FOXO3a)
[18, 19].

Although a growing body of evidence has
implicated IKKe in cancer metastasis [20, 21], a role for
IKKe in invadopodia formation has not been
explored. Several other kinases and phosphorylation
events have, however, been implicated in regulating
invadopodia formation. For example, Src-mediated
tyrosine phosphorylation of cortactin and Tks5 is a
critical for the trigger of invadopodia formation [22,
23]. The Abl family of non-receptor tyrosine kinase
(Arg) also mediates epidermal growth factor
(EGF)-induced cortactin phosphorylation, triggering
actin  polymerization in invadopodia, ECM

degradation, and tumor cell invasion [24]. Fermitin
family homolog 2 (FERMT?2, also known as kindlin-2
or Mig-2), is a focal adhesion protein that is associated
with increased metastatic potential of several types of
cancers, including hepatocellular carcinoma, prostate
cancer and gastric cancers [25-29]. Kindlin-2 has been
found to localize in invadopodia and be
phosphorylated at serine 159 residue (S159); this event
contributes to invadopodia formation in breast cancer
cells [30]. The kinase responsible for kindlin-2
phosphorylation is currently unknown.

Here, we aimed to determine the role of IKKe in
invadopodia formation and CRC metastasis. We first
tested the effects of IKKe over-expression, knockdown
and pharmacological inhibition on invadopodia
formation, and the migratory and invasive capacities
of CRC cells in vitro and in vivo. We then monitored
the association between the IKKe expression, CRC
metastasis and clinical outcomes in patients with
CRC. Finally, we assessed whether IKKe might be
involved in mediating kindlin-2 phosphorylation.

Materials and methods

Cell lines and reagents

Normal human colon epithelial CCD841 cells
and human CRC cell lines, including HCT116, SW480,
SW620, DLD-1, HT-29 and Lovo cells were obtained
from the American Type Culture Collection (ATCC).
The cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; HyClone, Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum
(FBS; Gibco), 100 U/ml penicillin (M&C Gene
Technology) and 100 pg/ml streptomycin (Mé&C
Gene Technology) in a 37 °C incubator with a 5% CO;
and humidified atmosphere. The small molecular
inhibitor including Amlexanox (53648) was
purchased from Selleck and the IKK-3 inhibitor
(HY-14682) was purchased from MedChemExpress. A
50 mM stock solution of each inhibitor was prepared
in dimethyl sulfoxide (DMSO; Sigma-Aldrich).
Isopropy-p-D-thiogalactoside (IPTG) and neomycin
were purchased from Sigma-Aldrich.

Plasmids and RNAi

Full length kindlin-2 expression constructs were
amplified and cloned into the p3 X FLAG-CMV-10,
pGEX-4T3 vector (Addgene). GFP-tagged IKKe and
Myc-DDK-tagged IKKe were purchased from
OriGene. Site-specific mutations in kindlin-2 (S159A
and S159D) and IKKe (K38A) were generated using a
site-directed mutagenesis kit (Vazyme). The following
siRNAs were used to silence target genes by transient
transfection with UltraFection 3.0 (4A Biotech)
reagent, according to the manufacturer’s instructions:
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IKKa-1: 5-GCCUUACACAGCCACUGUUTT-3;
IKKa-2: 5-GCAGCCAUUUACCUGGCAUTT-3;
IKKp-1: 5-GGAAAUGAAAGAGCGCCUUTT-3;
IKK(-2: 5-GGAAGUACCUGAACCAGUUTT-3;
IKKe-1: 5-CCACUGCCAGUGUGUACAATT-3;
IKKe-2: 5-CCUGCAUCCCGACAUGUAUTT-3;
TBK1-1: 5-CCAUGUGGGAGUUUAUACATT-3’;
TBK1-2: 5’-GCCUUCUGGUGCAAUAUCUTT-3'.

Establishment of stable cell lines

Overexpression

Kindlin-2 overexpressing cells were generated
by transfection of constructs containing the full length
or specific mutant kindlin-2 sequences cloned into a
p3 X FLAG-CMV-10 vector using UltraFection 3.0 (4A
Biotech). The transfected cells were selected in
neomycin.

shRNA knockdown

Stable IKKe knockdown cells were generated by
UltraFection 3.0 (4A Biotech) tranfection of shRNA
constructs with the IKKe siRNA sequences cloned into
a pGPU6/Neo vector (GenePharma). The transfected
cells were selected in neomycin. shIKKe-1: 5-CCACU
GCCAGUGUGUACAATT-3’; shiKKe-2: 5-CCUGCA
UCCCGACAUGUAUTT-3".

CRISPR-Cas9 gene editing

Kindlin-2 KO cells were generated by
UltraFection 3.0 (4A Biotech) transfection of sgRNA
constructs in a px459/Puro vector (Addgene)
following the protocol as described previously [31].
The following sgRNA sequences to target kindlin-2
were used: sgRNA-F: 5-CACCGTCAGGGTGACATC
GCGGTTC-3’; sgRNA-R: 5-AAACGAACCGCGATG
TCACCCTGAC-3'.

Western blotting and antibodies

Proteins were analyzed by western blotting as
previously described [32]. The following antibodies
were used in this study: anti-kindlin-2-5159 (CTM-
152, PTM Biolabs) ; anti-kindlin-2 (K3269) and anti-
FLAG (F3165) (Sigma-Aldrich); anti-IKKa (2682), anti-
IKKp (2678), anti-IKKe (2905), anti-TBK1 (3504) (Cell
Signaling Technology); anti-GAPDH (sc-3223), anti-
FISH (sc-376211) and anti-cortactin (sc-55579) (Santa
Cruz); anti-IKKe (ab7891) (Abcam); anti-SH3PXD2A
(18976-1-AP)  (Proteintech); anti-MIG2/Kindlin-2
(NBP1-47745) (NOVUS).

Immunoprecipitation assay

Cells were harvested and lysed in NP-40 buffer
(20 mM Tris HCI pH 8.0, 137 mM NaCl, 1% NP-40,
10% glycerol, 2 mM EDTA, 1% protease inhibitor
cocktail) for 30 min on ice. The supernatant was

collected and incubated with the indicated antibodies
at 4 °C rotating overnight. After adding protein A/G
agarose beads (GE Healthcare), the incubation was
further continued for 3 h at 4 °C. The beads were then
washed and analyzed by western blotting.

In vitro kinase assay

Constructs for GST-tagged wild-type kindlin-2
and kindlin-2 (S159A) were transformed to E.coli
strain BL21 and induced with 0.1 mM IPTG (Sigma-
Aldrich) overnight at 16 °C and then purified using
glutathione-Sepharose 4B beads (GE Healthcare) as
previously described [33]. Myc-DDK-tagged IKKe
(WT) and IKKe (K38A) were transfected into
HEK?293T cells. After incubation for 48 h, the IKKe
(WT) and IKKe (K38A) proteins were immuno-
precipitated overnight with FLAG-conjugated M2
agarose beads and then eluted with Flag peptide
(Sigma-Aldrich).  Recombinant  kindlin-2  and
recombinant IKKe were mixed in kinase buffer [10
mM Tris HCl pH 7.4, 10 mM NaCl, 10 mM MgCl, 0.5
mM DTT, phosphatase inhibitor (PhosSTOP)]. The
reaction was initiated by adding 100 pM ATP and
incubated at 30 °C for 2 h. After denaturation by
adding 5*xSDS/PAGE sample buffer and boiling at
100 °C for 5 min, the samples were analyzed by
western blotting.

Wound healing assay

Cells were seeded into 6-well plates and left to
grow to confluency for around 24 h. Then the culture
medium was replaced with DMEM medium without
serum to minimize cell proliferation. The cells were
then scratched with a pipette tip and cellular
migration was observed and imaged under a
mMicroscopy.

Transwell invasion assay

Cells were seeded into chambers with filters
(pore size of 8 pm) coated with matrigel to monitor
cell invasive capacity. Briefly, the cells were
suspended in serum-free DMEM (3X105 cells/well)
and then loaded into the upper chamber, medium
containing 10% FBS was added to the lower
chambers. After a 48 h incubation, the cells in the
upper chambers were removed. Invasive cells on the
bottom surface of the filters were fixed with 4%
paraformaldehyde (PFA) and stained with 0.05%
crystal violet. Representative images were captured
under a microscope, and the total number of invaded
cells was quantified using Image J software (National
Institutes of Health).

Gelatin degradation assay

Glass-bottomed dishes were treated with 0.1
mg/ml Poly L-lysine (Sigma-Aldrich) and crosslinked
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with 0.5% glutaraldehyde (Mecoxlane). Then, the
dishes were coated with fluorescent gelatin [1:5
dilution of Oregon Green 488 conjugated gelatin
(G13186, Invitrogen) with 0.1% unconjugated gelatin
(G1393, Sigma)] at 37 °C for 1 h. The dishes were then
incubated with 5mg/ml sodium borohydride for 15
min, and then incubated with 70% ethanol for 20 min.
Three washes with 1 XPBS were performed between
each step. DMEM media was added to the dishes at 37
°C for 1 h before cell plating. After incubating the cells
at 37 °C for a further 48 h, the cells were fixed in 4%
paraformaldehyde (PFA) and permeabilized with
0.5% Triton X-100, rinsed with PBS and blocked in 3%
bovine serum albumin (BAS) in PBS. The cells were
then incubated with primary antibodies against
Tks5/FISH (sc-30122, Santa Cruz) and F-actin/
Phalloidin (A12380, Invitrogen), and then incubated
with Alexa Fluor 647-labelled secondary antibodies
(A-21245, Invitrogen). The samples were observed
under a Nikon A1l confocal microscope. Quantifica-
tion of the degraded gelatin area was performed using
Image ] software (National Institutes of Health).

Confocal microscopy analysis

Cells grown on a glass-bottomed dish were fixed
with 4% PFA and permeabilized with 0.1% Triton
X-100. Then the cells were blocked with 3% BSA and
then incubated with the indicated primary antibodies
in 1% BSA at 4 °C overnight. After three washes with
PBS, the cells were incubated with a secondary
antibody in 1% BSA for 2 h at room temperature in the
dark and then washed three times with PBS. The
samples were then exposed to F-actin/Phalloidin
(A12380, Invitrogen) and observed under a Nikon Al
confocal microscope. Images and Z-stacks were
acquired with NIS-Elements imaging software.
Orthogonal views were generated in Imaris Software.

Animal studies

Six-week-old female NOD-Prkdcem26]]2rgem26Nju
(NCG) mouse (Model Animal Research Center,
MARC) were used for in vivo experiments. HCT116
cells stably expressing IKKe-specific ShRNA or control
shRNA were transfected with pHBLV-luci control
vector. Puromycin (Life Technologies) was used to
select for stable transfectants as previously described
[34]. For orthotopic implantation experiment, HCT116
cells stably expressing luciferase and IKKe-specific
shRNA or control shRNA (3 X 10° cells in 30 pl) were
injected into the submucosal layer of cecum.
Following survival surgery, mice were allowed to
recover and then returned to housing. The study
continued for 35 days from the date of cell
implantation and mice were imaged once each week
using bioluminescence imaging. For tail vein infection

experiment, HCT116 cells stably expressing luciferase
and IKKe-specific sShARNA or control shRNA (1 x10°
cells in 100 pl) were injected into the lateral tail vein of
mice. To evaluate whether IKKe inhibitor Amlexanox
inhibits cancer cell metastasis in vivo, HCT116 cells
stably expressing luciferase (1 X100 cells in 100 pl)
were injected into the lateral tail vein of mice. The
mice were treated with Amlexanox (50 mg/kg) or
vehicle by oral gavage every other day. The study
continued for 4 weeks from the date of cell
implantation and mice were imaged once each week
using bioluminescence imaging. For bioluminescence
imaging, the mice were injected intraperitoneally with
VivoGlo™ Luciferin (Promega) at a dose of 150
mg/kg body weight and bioluminescent images were
examined by wusing an IVIS Luminallin vivo
bioluminescence imaging system (Caliper Life
Science). After euthanasia, the lungs, liver, kidneys
and cecum of the mice were isolated to examine the
intensity of the metastasis signals. The organs were
fixed in 10% formalin, processed and then embedded
in paraffin by standard techniques. Longitudinal
sections were subjected to histomorphological
analysis by via haematoxylin and eosin (H&E)
staining or immunohistochemistry (IHC) staining.
Paraffin sections of mouse samples were incubated
with antibody against cytokeratinl8 (Abcam,
ab133263), EpCAM (Abcam, ab223582).All protocols
used for animal studies were approved by the
Institutional Animal Care and Use Committee of
Shenzhen University (approval ID no.2018030101).

Tissue microarray analysis and
immunohistochemistry staining

The human CRC tissue microarrays containing
tissue samples from 191 CRC patients (including 161
pairs of CRC tissue samples matched to their adjacent
normal tissue samples) and the associated
clinicopathological information were purchased from
Shanghai Outdo Biotech. Co. Ltd. Antibodies against
IKKe (ab7891, Abcam) and phospho-kindlin-2 (5159)
(CIM-152, PTM  Biolabs) were used for
immunohistochemistry staining according to the
manufacture’s protocol. Each sample was assigned a
score according to the intensity (no staining = 0; weak
staining = 1, moderate staining = 2, strong staining =
3) and the extent of stained cells (0% =0, 1-25% =1,
26-50% = 2, 51-75% = 3, 76-100% = 4). The final
immunoreactive  score was determined by
multiplying the intensity with the extent, ranging
from 0 (the minimum) to 12 (the maximum). Tissue
arrays were used according to Institutional Review
Boards (IRB) protocols approved by Shenzhen
University and Shanghai Outdo Biotech. Co. Ltd. All
human subjects gave informed consent.
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Statistical analysis

The data represent the means®S.D. of at least
three independent experiments. Statistical analyses
were performed by GraphPad Prism 5. The
differences between two groups were assessed by
unpaired two-tailed Student’s f tests. Multi-group
comparisons were analyzed by one-way ANOVA
with Tukey’s post hoc test. Survival curves were
derived from Kaplan-Meier estimates and survival
analysis was performed using the log-rank test.
Pearson’s r test was applied to evaluate the
correlations among the groups. P<0.05 was
considered statistically significant (*P<0.05, **P< 0.01,
and ***P < 0.001).

Results

IKKe is required for invadopodia formation
and ECM degradation

We hypothesized that IKKe might have a role in
regulating invadopodia formation and ECM degra-
dation. To test our hypothesis, we first monitored the
effects of silencing endogenous IKKe in the highly
metastatic human CRC HCT116 cell line. We silenced
IKKe by stable transfection of two different
IKKe-targeted shRNA (shlKKe-1 and shlKKe-2), and
compared the effects to cells transfected with a
non-targeted, scrambled control (shNC). We first
quantified the number of cells (plated on a gelatin
matrix) with invadopodia based on the co-localization
of the invadopodia markers, Tks5 and F-actin. We
then determined ECM degradation by measuring the
area of fluorescently labeled gelatin degraded per cell.
After efficient endogenous IKKe knockdown (Figure
S1 A), we observed significant decreases (>50%) in the
number of cells forming invadopodia compared to
shNC cells (Figure 1 A). Consistent with these
decrease in the number of invadopodia-forming cells,
decreases (approximately 3 fold) in the area of gelatin
degraded per cell in shIKKe cells were also observed
(Figure 1 B).

We next treated the cells with an IKKe-specific
kinase inhibitor amlexanox [35] to measure the
influence of inhibiting IKKe kinase activity on
invadopodia formation and ECM degradation. Again,
we observed a reduced number of cells forming
invadopodia in cells treated with amlexanox (100 pM)
compared to DMSO-treated controls (42% vs.78%)
(Figure 1C). The area of gelatin degraded per cell was
also significantly decreased (approximately 2 fold) in
cells treated with amlexanox when compared to
controls (Figure 1D). These data confirmed that
specifically inhibiting IKKe kinase activity could
inhibit invadopodia formation and ECM degradation.

Finally, we tested whether IKKe is sufficient to

promote invadopodia formation and matrix
degradation. SW480 CRC cells derive from Duck’s B
staging cancer with lower invasive ability, while
HCT116 CRC cells derive from Duck’s C staging
cancer with higher invasive ability. Here, the
endogenous levels of IKKe in SW480 CRC cells were
found to be lower than that in HCT116 CRC cells
(Figure S1 B). Consistently, lower invadopodia
formation ability was observed in SW480 CRC cells
when compared to HCT116 CRC cells (15% vs. ~80%)
(Figure 1 A and E).Then we overexpressed Myc-DDK-
tagged wild-type (WT) IKKe or kinase-dead IKKe
mutant (K38A) [18] in SW480 cells (Figure S1 C). IKKe
(WT) but not KB38A mutant overexpression
significantly resulted in an increase in the number of
cells forming invadopodia (40%) compared to control
cells (15%) (Figure 1E) and an increase (approximately
2 fold) in the area of degraded gelatin per cell (Figure
1F). Together, these results suggest that IKKe is
required for invadopodia formation and its kinase
activity contributes to the invadopodia formation in
CRC cells.

IKKe colocalizes with F-actin and Tks5 in
invadopodia

In light of the observations that IKKe promotes
invadopodia formation and ECM degradation, we
next wanted to know whether IKKe is locolized to
invadopodia. Because F-actin co-localization with the
unique adaptor protein Tks5 can be used to identify
invadopodia, we again plated HCT116 cells onto Alex
Fluor 488-conjugated gelatin and immunostained the
cells with antibodies against IKKe, F-actin and Tksb.
As shown in figure 2A, endogenous IKKe co-localized
with Tks5 at gelatin-degradation puncta (black hole)
that were rich of F-actinn. We also observed
co-localization of IKKe, Tks5 and F-actin throughout
the degraded gelatin area by z-stack projection
imaging (Figure 2B). These results demonstrate that
IKKe localizes with F-actin and Tks5 in active
invadopodia in CRC cells.

IKKe promotes CRC cells migration and
invasion in vitro

We next wanted to see whether IKKe had a role
in mediating CRC cell migration and invasion. Here,
we established wound healing and the transwell
invasion assays with wild-type IKKe (WT) and kinase
dead mutant IKKe (K38A) overexpressing SW480 cells
and IKKe-knockdown HCT116 cells. As shown in
Figure 3A, cells overexpressing IKKe (WT) but not
IKKe mutant (K38A) showed a significant increase in
the wound recovery (54%) compared to control cells
(30%). Similarly, transwell invasion assay also
showed that IKKe (WT) but not IKKe mutant (K38A)
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overexpression induced 1.5 fold-increase in the
invasion of SW480 cells compared to the control cells
(Figure 3B). Conversely, we observed dramatic
reductions in wound recovery (approximately 2 fold)
and invasion (approximately 2 fold) of the cells in
IKKe-knockdown HCT116 cells compared to shNC
cells (Figure 3 C and D). Assays with another CRC cell
line Lovo cell have also been performed. We
generated Lovo cells that stably expressing
IKKe-specific shRNA or control shRNA, and
evaluated their migration and invasion ability by

knockdown experiments. Both two shRNA sequences
effectively down-regulated the expression of IKKe
(Figure S2 A). Knockdown of IKKe significantly
inhibited the migration and invasion of Lovo cells
(Figure S2 B). These results are well consistent with
that from HCT116 cells (Figure 3 C and D). Finally,
HCT116 cells treated with amlexanox also showed a
marked reduction in the migratory (Figure 3 E) and
invasive capacity of HCT116 cells (Figure 3 F), in a
dose-dependent manner (Figure 3 F). Together, these
results demonstrate that IKKe promotes CRC cells

transwell assays. As shown in supplemental figure S2,
two shRNA sequences were used to perform the

migration and invasion.
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Figure 1. IKKe induces invadopodia formation and ECM degradation. (A) Tks5 and F-actin co-localization in HCT116 cells stably transfected with
non-targeting shRNA or shRNA targeting IKKe (left). Inset shows magnified image of invadopodia in the box. Quantification of percentage of cells with invadopodia
(right). (B) Gelatin degradation in HCT116 cells stably transfected with non-targeting shRNA or shRNA targeting IKKe (left). Quantification of the area of degraded
gelatin per cell (right). (C) Tks5 and F-actin co-localization in HCT116 cells treated with DMSO or Amlexanox (100 uM) (left). Inset shows magnified image of
invadopodia in the box. Quantification of percentage of cells with invadopodia (right). (D) Gelatin degradation in HCT116 cells treated with DMSO or Amlexanox
(100 uM) (left). Quantification of the area of degraded gelatin per cell (right). (E) Tks5 and F-actin co-localization in SW480 cells stably transfected with vector,
wild-type IKKe (WT) or mutant IKKe (K38A) (left). Inset shows magnified image of invadopodia in the box. Quantification of percentage of cells with invadopodia
(right). (F) Gelatin degradation in SW480 cells stably transfected with vector, wild-type IKKe (WT) or mutant IKKe (K38A) (left). Quantification of the area of
degraded gelatin per cell (right). All data represent the meanszS.D. of three independent experiments (N>200 cells/sample, *P<0.05, **P< 0.01, and **P < 0.001).
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Figure 2. IKKe co-localizes with F-actin and Tks5 in active invadopodia. (A) F-actin (red), Tks5 (purple) and IKKe (blue) co-localization and gelatin (green)
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IKKe knockdown or inhibition suppress CRC
cells metastasis and invadopodia formation in
vivo

To confirm our findings in vivo, we generated
HCT116 cells stably expressing luciferase and
IKKe-specific shRNA or control shRNA. IKKe was
almost completely knocked down in the cells stably
expressing IKKe-specific shRNA (Figure S2 C). We
injected HCT116 cells stably expressing luciferase and
IKKe-specific shRNA (shlKKe) or control shRNA
(shNC) into the submucosal layer of cecum of mice
and examined primary tumors for histology. We
found that tumor cells in shNC group invaded into
surrounding stroma, while invasion of tumor cells in
shIKKe group were inhibited (Figure 4 A). To clarify
whether IKKe knockdown affects the invadopodia
formation in CRC cells in vivo, we further examined
invadopodia formation in the tumor cells in section of
primary tumor tissues by staining with invadopodia
markers including cortactin and Tks5. We found that
the number of cells with invadopodia in shIKKe
group was significantly less than that in the shNC
group (Figure 4B), which was well consistent with the
invasion of the cells in the primary tumor. We also
monitored the metastasis in liver by bioluminescence
imaging. Compared with mice in the shNC group
(n=4), mice in the shIKKe group (n=4) showed a
marked reduction in fluorescent signals in liver

(Figure 4 C). Consistent findings were produced by
H&E staining analysis of stained sections, which
showed that metastatic foci in livers of shIKKe mice
were less frequent than in shNC mice (Figure 4 D).
HCT116 cells generated metastases in the liver were
confirmed by H&E staining and immunochemistry
staining for cytokeratinl8 (CK18) (Figure 4 D). These
results demonstrated that IKKe knockdown signifi-
cantly suppresses invadopodia formation and the
process of CRC cell invasion into microenvironment
in vivo.

We also inoculated these cells into circulation
through the tail vein infection to confirm the effect of
IKKe knockdown on metastasis. At four weeks after
the injection of CRC cells, we monitored metastatic
dissemination of HCT116 cells by bioluminescence
imaging. We detected a strong fluorescent signal (55.1
x 10 p/s/mm?) throughout the bodies of mice
carrying shNC control group (n=6), and a much
weaker fluorescent signal (0.8x10° p/s/mm?) in mice
carrying shlKKe group (n=8) (Figure 4 E). Specifically,
strong fluorescent signals were clearly detected in the
lungs, liver and kidneys of mice carrying shNC group
but not mice carrying shlKKe cells (Figure 4 F),
indicating that IKKe knockdown decreases metastatic
foci formation in these organs. Consistent findings
were produced by H&E analysis of stained sections,
which showed that metastatic foci in lungs and
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kidneys of shIKKe mice were less frequent than in  epithelial cell adhesion molecule (EpCAM) (Figure 4
shNC mice (Figure 4 G). HCT116 cells generated G). These data demonstrated that IKKe knockdown
metastases in the lungs and kidneys were confirmed  significantly suppresses CRC metastasis in vivo.
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Figure 3. IKKe promotes the migratory and invasive ability of colorectal cancer cells. (A, B) Wound healing assay (A) and Transwell invasion (B) assays
for SW480 cells stably transfected with vector, wild-type IKKe (WT) or mutant IKKe (K38A) (left). (A) The wound closure rate was determined as a percentage of
the original wound area (right). (B) The relative invasive ability was normalized to vector (right). (C, D) Wound healing (C) and Transwell invasion (D) assay for
HCT116 cells stably transfected with non-targeting shRNA or shRNA targeting IKKe (left). (C) The wound closure rate was determined as a percentage of the
original wound area (right). (D) The relative invasive ability was normalized to shNC (right). (E, F) Wound healing (E) and Transwell invasion (F) assay for HCT116
cells treated with Amlexanox at the indicated concentrations (left). (E) The wound closure rate was determined as a percentage of the original wound area (right).
Am. 50: amlexanox 50 yM; Am. 100: amlexanox 100 YM. (F)The relative invasive ability was normalized to DMSO (right). Am. 50: amlexanox 50 uM; Am. 100:
amlexanox 100 uM. The cell number was counted in five randomly captured images for each sample. All data represent the meansS.D. of three independent
experiments (¥**P< 0.01, and ***P < 0.001).
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Figure 4. IKKe knockdown or inhibition suppressed colorectal cancer cells metastasis and invadopodia formation in vivo. (A) H&E staining of the
cecum derived from mice orthotopically microinjected with HCT116 cells stably expressing shNC or shIKKe. Scale bar, 50 uym. (B) Immunofluorescent analysis of
Tks5 and cortactin co-localization in cecum tumor sections from shNC and shIKKe mice (left). Quantification of cells with invadopodia (right). Scale bars represent
200 pm. (N>300 cells/sample, *¥P<0.01,). (C) The gross view of tumor nodules established in liver and the bioluminescence images of liver from mice orthotopic
microinjected with HCT116 cells stably expressing shNC or shIKKe (left). Yellow arrowheads indicate tumor nodules in the liver. Quantitative analysis of photon flux
in shNC (n=4) and shIKKe (n=4) mice (*P<0.05) (right). (D) H&E staining of the liver derived from mice which were orthotopic microinjected with HCT116 cells
stably expressing shNC or shIKKe (left). Scale bar, 500 ym (left) and 50 pm (middle). Images for IHC staining of CK18 in in metastatic sites in liver (right) Scale bar,
50 pm. (E) Bioluminescence images of shNC and shIKKe mice (left). Quantitative analysis of photon flux in shNC (n=6) and shIKKe (n=8) mice (***P<0.001) (right).
(F) Bioluminescence images of lungs, liver and kidneys isolated from shNC and shIKKe mice (left). Quantification of photon flux in lungs, livers and kidneys isolated
from shNC (n=6) and shIKKe (n=8) mice (***P <0.001) (right). (G) H&E staining sections of the lung and kidney sections from shNC and shIKKe mice (left). Scale bar,
500 pm. Images for IHC staining of CK18 and EpCAM in metastatic sites in lung and kidney (middle and right). Scale bar, 50 ym. (H) Bioluminescence images of
vehicle-treated or amlexanox-treated mice (left). Quantitative analysis of photon flux in vehicle-treated (n=6) and amlexanox-treated (50 mg/kg, n=8) mice (***P
<0.001) (right). (I) Bioluminescence images of lungs, liver and kidneys isolated from vehicle-treated or amlexanox-treated mice (left). Quantification of photon flux in
lungs, livers and kidneys isolated from vehicle-treated (n=6) and amlexanox-treated (n=8) mice (*P<0.05) (right). (J) H&E staining sections of the lung and kidney
sections from vehicle-treated or amlexanox-treated mice (left). Scale bar, 500 ym. Images for IHC staining of CK18 and EpCAM in in metastatic sites in lung and
kidney (middle and right). Scale bar, 50 um.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 5

2367

a Cancer tissue Adjacent tissu
c
Phase | Phase I
D E
15+ * %
®
2
x% z
® 10 2
] ]
@ —— —— =
4 =]
S h (- - g
- .- 3
= “ o
) NO N1 N2

k%%
o 104
0
o
@ ——
Q
E 54 —
=+ =
cancer|tissues adiacerIlissues
Phase |l Phase IV

1 low
1.0  high
- low-censored
[~ high-censored
0.8
0.6
NE—
0.4+
0.2+
0.0 p=0.001

20 40 60 80 100

Time (months)

Figure 5. High IKKe expression correlates with metastasis and poor prognosis in human colorectal cancer. (A) Immunohistochemical staining for
IKKe expression in human colorectal cancer tissues and paired adjacent tissues. Scale bar, 200 um. (B) IKKe protein levels in 161 paired human colorectal cancer
tissues and the adjacent normal tissues, measured by immunohistochemical analysis (***P <0.001). (C) Immunohistochemical staining for IKKe expression in human
colorectal cancer tissue. Scale bar, 200 um (top) and 100 ym (bottom). (D) IKKe protein levels in cancer tissues according to lymph node metastasis. (N classification)
(**P<0.01). (E) Kaplan-Meier analysis of overall survival in a set of 191 colorectal cancer patients according to IKKe expression (log-rank test, p=0.001).

To further determine the effects of pharmaco-
logical inhibition of IKKe on cell metastasis in vivo, we
injected HCT116 cells stably expressing luciferase into
the tail vein of NCG mice and treated the mice with
vehicle or amlexanox (50 mg/kg) by oral gavage.
Compared with vehicle-treated mice (n=6),
amlexanox-treated mice (n=8) showed a marked
reduction in fluorescent signals throughout the
bodies, as well as the lungs, liver and kidneys of mice
(Figure 4 H and I). We also observed significant less
metastatic foci in lungs and kidneys of amlexanox-
treated mice compared to vehicle-treated mice (Figure
4 J). HCT116 cells generated metastases in the lungs
and kidneys were confirmed by immunochemistry
staining with CK18 and EpCAM (Figure 4 ]).These
results suggested that IKKe specific inhibitor
amlexanox effectively inhibited metastasis of CRC
cells in vivo.

High IKKe expression correlates with
metastasis and poor prognosis in CRC

To examine the clinical impact of IKKe in CRC,
we next determined the association between IKKe
expression and clinicopathological features in patients
with CRC. Here, we analyzed IKKe expression in
tumor and adjacent normal tissue samples isolated
from 191 affected patients by immunohistochemistry
staining. A total of 161 pairs of human malignant CRC
tissues and adjacent normal tissues samples were
included in the analysis. Compared with matched
adjacent normal tissues, we found that IKKe
expression was significantly higher in CRC tissues
(Figure 5 A and B, p=0.0001). We also found a
significant correlation between IKKe expression and
tumor-node-metastasis (TNM stage, p=0.0002) as well
as lymph node metastasis (N stage, p=0.001), but not
with any patient demographic characteristics, such as

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 5

2368

age or sex (Table S1). The IKKe expression levels in
cancer tissues were lightly associated with advanced
cancer stage (Figure 5 C), and the IKKe expression
levels in cancer tissues with lymph node metastasis
(N1 and N2 stage) were significantly higher than in
those without metastasis (NO stage) (Figure 5 D).
Moreover, Kaplan-Meier analysis indicated that
patients with high IKKe expression in CRC tissues
showed a shorter overall survival time than those
with low IKKe expression (p=0.001, Figure 5 E). These
results suggest that IKKe expression correlates with
metastasis and poor prognosis in CRC.

IKKe directly phosphorylates kindlin-2 at S159

Because a kinase-dead mutation of IKKe or

pharmacological inhibition dramatically reduces the
invadopodia formation, we speculated that the effects
of IKKe on invadopodia formation rely on its kinase
activity. As discussed, the focal adhesion protein
kindlin-2 is phosphorylated at serine 159 and this
phosphorylation event is thought to be involved in
invadopodia formation [30]. To determine whether
the IKK protein family might phosphorylate
kindlin-2, we generated a rabbit polyclonal antibody
against the kindlin-2 5159 phosphopeptide (Figure 6
A and B) and used it to detect the changes in kindlin-2
phosphorylation in HCT116 cells treated with a
pan-IKK inhibitor (IKK-3). IKK-3 reduced kindlin-2
phosphorylation levels at S159 in a dose-dependent
manner (Figure 6 C), suggesting that the kinase that

mediates kindlin-2 S159 phosphoryla-

tion does belongs to the IKK protein
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— B famﬂ"}l]".o determine which kinase of the
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Figure 6. IKKe directly phosphorylates kindlin-2 at S159. (A) Slot blot analysis of the
anti-phospho-kindlin-2-S159 antibody. The antibody was probed against an un-modified kindlin-2
peptide and phosphorylated peptides. (B) HCT116 cells were transfected with the indicated plasmids
and whole cell extracts were immunoprecipitated (IP) with FLAG-conjugated M2 beads and then
analyzed by immunoblotting (IB). (C)HCTI116 cells were treated with the inhibitor IKK-3 at the
indicated concentration for 24h and analyzed by immunoblotting. (D and E) HCTI116 cells were
transfected with the indicated siRNAs targeting IKKa, IKK, IKKe or TBKI1. Cell lysates were analyzed
by immunoblotting. (F) HCT116 cells were transfected with FLAG-tagged kindlin-2 and GFP-tagged
IKKe for 48 h. Total cell lysates were immunoprecipitated using FLAG-conjugated M2 beads and
analyzed by immunoblotting. (G) IKKe was immunoprecipitated using anti-IKKe antibody or the control
antibody IgG from lysates of HCT116 cells. (H) HCT116 cells were transfected with the indicated
plasmids and the whole cell extracts were prepared and analyzed by Co-IP assay flowed by
immunoblotting with the indicated antibodies. (I) GST-tagged wild-type kindlin-2 or kindlin-2 (S159A)
were incubated without IKKe (-), or with purified wild-type IKKe (WT) or mutant IKKe (K38A) in
kinase buffer and resolved by SDS-PAGE, followed by immunoblotting analysis with the indicated

antibodies.

cells, we found that kindlin-2 S159
phosphorylation  levels  markedly
increased (Figure 6H). Conversely,
co-expression of the kinase-dead IKKe
mutant (K38A) with FLAG-tagged
kindlin-2 failed to increase kindlin-2
5159 phosphorylation levels (Figure 6
H).

Finally, we established an in vitro
kinase assay, incubating purified
kindlin-2 wild-type (WT) or phosphor-
null mutant (S159A) mutant protein
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with wild-type IKKe (WT) or IKKe mutant (K38A). We
found that only wild-type kindlin-2 was effectively
phosphorylated by IKKe (WT) but not by IKKe (K38A)
(Figure 6 I). Taken together, these results demonstrate
that IKKe 1is the kinase responsible for
phosphorylating kindlin-2 at S159.

Kindlin-2 phosphorylation at S159 mediates
IKKe-induced invadopodia formation in CRC

To determine whether IKKe-mediated kindlin-2
phosphorylation at 5159 is responsible for
IKKe-induced invadopodia formation and ECM
degradation, we first investigated whether IKKe and
kindlin-2 interact at invadopodia. We transfected
GFP-tagged IKKe into HCT116 cells and then
examined kindlin-2, IKKe, F-actin and Tksb
co-localization. Here, we found that IKKe clearly
co-localized with kindlin-2 and Tks5, indicating that
IKKe and kindlin-2 interacts at invadopodia (Figure
7A).

We next detected the expression levels of
phosphorylated kindlin-2 (S159) in various CRC cell
lines with different metastatic potential. We found
that the high metastatic cell lines (Duck’s C) including
SW620, DLD-1, Lovo and HCT116 expressed high
levels of phosphorylated kindlin-2 (S159) (Figure S3
A). But the low metastatic cell lines (Duck’s B),
including SW480 and HT-29, expressed low levels of
phosphorylated kindlin-2 (5159) (Figure S3 A).
Notably, almost non-detectable levels of
phosphorylation of kindlin-2 (5159) were observed in
normal colon epithelial cell line CCD841 (Figure S3
A). These results suggested that kindlin-2 (S159)
phosphorylation was associated with the metastatic
potential of CRC cells. Then, we generated a kindlin-2
knockout (KO) HCT116 cell lines, in which we
knocked out kindlin-2 gene expression using CRISPR-
Cas9 technology (Figure S3 B and C), and tested the
effects on invadopodia formation and ECM degra-
dation. Kindlin-2 KO led to a significant decrease in
the number of cells with invadopodia and the area of
gelatin degraded per cell (Figure 7B and C). After
re-expressing wild-type (WT) or phosphor-mimetic
mutant (S159D) kindlin-2, but not phosphor-null
mutant kindlin-2 (S159A), we found that the number
of cells with invadopodia and the area of gelatin
degraded per cell was potently rescued (Figure 7 B
and C). More importantly, overexpression of wild-
type of IKKe in the kindlin-2 KO cells did not rescue
invadopodia formation or ECM degradation (Figure 7
B and C). These results indicate that IKKe-mediated
kindlin-2 phosphorylation at S159 is necessary and
sufficient for IKKe-induced invadopodia formation.

In our final analysis, we compared the
expression of phosphorylated kindlin-2 (5159) in the

tissues from the CRC patients by immunohisto-
chemistry staining. We observed higher expression
levels of phosphorylated kindlin-2 (S159) in CRC
tissues compared with the matched adjacent normal
tissues (p<0.001, Figure 8 A and B). We also assessed
the association between IKKe and kindlin-2
phosphorylation in cancer tissues from CRC patients
at different stages. Phosphorylated kindlin-2 (S159)
levels positively correlated with IKKe expression in
CRC tissues (n=161, r=0.316, p=0.001, Figure 8 C and
D). These results from our clinical investigations
provide further support for a direct and functional
association between IKKe and kindlin-2.

Discussion

Invadopodia formation is associated with tumor
invasiveness and metastatic potential. Here we aimed
to determine how invadopodia formation is regulated
and how this regulation might mediate CRC
metastasis. We identify the serine/threonine protein
kinase IKKe as a novel and critical regulator of
invadopodia formation. Furthermore, we showed that
IKKe induces invadopodia formation and activity by
phosphorylating kindlin-2 at 5159, thus promoting
metastasis in CRC.

Many kinases, which often act as signal
transducers in cellular signaling cascades, have been
implicated in regulating invadopodia formation [36].
It has been well established that tyrosine kinases, such
as Src and Arg, promote invadopodia formation by
phosphorylating a number of substrates, including
Tks5, WASP and cortactin [37-39]; less is known about
the role of serine kinase in invadopodia formation.
Although the serine/threonine protein kinase IKKe
has been recently found to be associated with
metastasis of cancer [20, 21, 40], whether IKKe
mediated invadopodia formation was previously
unknown.

We found that IKKe co-localizes in invadopodia
along with F-actin and the invadopodia marker Tks5,
and its kinase activity is essential for regulation of
invadopodia formation and ECM degradation.
Similar to IKKe, other serine kinase such as protein
kinase D (PKD) and p21 activated kinase 1 (Pak1) also
localize in invadopodia [41, 42]. PKD and Pakl
regulates invadopodia formation by phosphorylating
cortactin. In this study, we identified the focal
adhesion protein kindlin-2, as a novel IKKe substrate:
IKKe binds to and then phosphorylates kindlin-2 at
S159. It is interesting to note that although IKKe and
TBK1 are very closely non-canonical IKK related
kinases, kindlin-2 S159 phosphorylation was
markedly reduced only when IKKe was knocked
down, but not TBK1. Actually, distinct substrates and
functions for TBK1 and IKKe have been disclosed [43,
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44]. For example, IKKe was found to phosphorylate
and activate nuclear factor of activated T cells
transcription factor (NFATcl) to suppress T cell
activation. But knockdown of TBK-1 has no impact on
NFATc1 phosphorylation and activation [43]. IKKe
but not TBK-1 was found to play a predominant role
in innate antiviral immunity by phosphorylating of
transcription factor YAP [44]. Invadopodia formation
in CRC cells is inhibited by kindlin-2 deletion, but
rescued upon reconstitution with wild-type or
phosphor-mimetic (S159D) kindlin-2. This finding is
consistent with another study performed in breast
cancer, in which the kindlin-2 serine phosphorylation
was found to be required for invadopodia formation
in breast cancer cells [30]. Importantly, we observed
that overexpression of IKKe did not rescue the
reduced invadopodia formation in CRC cells after
kindlin-2 depletion, indicating that IKKe-mediated
kindlin-2 serine phosphorylation contributes to the
formation of invadopodia induced by IKKe.

IKKe (GFP) Kindlin-2 Tks5 F-actin

Merge

A number of focal adhesion proteins, such as
Bl-integrin and talin, have been identified to localize
in invadopodia and contribute to invadopodia
formation in cancer cells [45, 46]. It is thus considered
that invadopodia preferentially initiate at sites of focal
adhesion that link the cells and ECM. Furthermore,
adhesion rings surround invadopodia shortly after
formation and correlate strongly with invadopodium
activity [47]. It is likely, therefore, that focal adhesion
proteins are recruited into adhesional rings to help
anchor invadopodia formation at early stages [3, 48].
The recruitment of actin regulatory proteins, such as
N-WASp, Arp2/3 complex and cofilin, to primarily
branched F-actin core marks early-stage invadopodia
formation [11, 38]. Since kindlin-2 recruits Arp2/3 to
promote membrane protrusions during initial cell
spreading [49, 50], it is rational to speculate that
IKKe-mediated kindlin-2 S159 phosphorylation might
regulate Arp2/3 recruitment to early invadopodia
and promote subsequent invadopodia formation.
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Figure 7. IKKe-induced invadopodia formation depends on kindlin-2 S159 phosphorylation. (A) HCT116 cells were transfected with GFP-tagged IKKe
and stained with antibodies against kindlin-2, Tks5 and F-actin (phalloidin). Confocal images were acquired to visualize the localization of IKKg, kindlin-2, Tks5 and
F-actin. White arrowhead point to the co-localization of IKKE, kindlin-2, Tks5 and F-actin. Scale bar, 10 ym. (B) Co-localization of Tks5 and F-actin in HCT116 cells
with kindlin-2 knockout and rescue with wild-type IKKg, wild-type kindlin-2, phosphor-null mutant kindlin-2 (S159A) and phosphor-mimetic mutant (S159D) kindlin-2
(left). Inset shows magnified image of invadopodia in the box. Quantification of cells with invadopodia (right). (C) Gelatin degradation in HCT116 cells with kindlin-2
knockout and rescue with wild-type IKKe, wild-type kindlin-2, phosphor-null mutant kindlin-2 (S159A) and phosphor-mimetic mutant (S159D) kindlin-2 (left). The
area of degraded gelatin per cell (right). All data represent the means + S.D. (N>400 cells/sample, *P<0.05, **P< 0.01, and ***P < 0.001).
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Figure 8. Phosphorylated kindlin-2 (S159) levels positively correlate with IKKe expression in colorectal cancer tissues. (A) Inmunohistochemical
staining for phosphor-kindlin-2-S159 in human colorectal cancer tissues and paired adjacent normal tissues. Scale bar, 200 pm. (B) Phosphor-kindlin-2-S159 protein
levels in 161 paired human colorectal cancer tissues and adjacent normal tissues as measured by immunohistochemical analysis. The data represent the means + S.D.
(***P < 0.001). (C) Representative images of paraffin tissue sections stained with IKKe and phosphorylated kindlin-2 (S159) antibody. Scale bar, 200 um. (D)
Correlation analyses of IKKe and phosphorylated kindin-2 (S159) protein levels in human colorectal cancer specimens.

Kindlin-2 is also phosphorylated at Y193 by Src
kinase; this event might increase the kindlin-2 binding
to migfilin, which in turn promotes migfilin
recruitment to the focal adhesions and regulates cell
migration [51, 52]. Kindlin-2 and migfilin co-localize
in invadopodia, and this co-localization is proposed to
be affected by kindlin-2 serine phosphorylation levels
[30]. Thus, another possible downstream pathway
regulated by  IKKe-mediated  kindlin-2-5159
phosphorylation is the recruitment of migfilin to
facilitate invadopodia formation.

Our data clearly show that IKKe knockdown
leads to a significant decrease in cell migration,
invadopodia  formation and invasion. This
reminiscent of the nonreceptor tyrosine kinase Pyk2,
which has been recently found to regulate both
migration and invasion of breast cancer cells [53].
Pyk2 has been shown to localize both in focal
adhesion and invadopodia, which might underlie its
dual role in migration and invasion [53]. Although it
remains to be determined whether IKKe is also
localize in focal adhesions, its substrate kindlin-2 does
localize in both focal adhesions and invadopodia [30,

52]. It has been reported that lipoma preferred partner
(LPP) also localizes in focal adhesion and
invadopodia, and LPP phosphorylation by Src might
switch LPP function from having a pro-migratory role
in focal adhesions to a pro-invasive role in
invadopodia [9]. Because kindlin-2 is a key protein
that couples cell focal adhesions with the induction of
membrane protrusions [50], it is rational to speculate
that IKKe-mediated kindlin-2 phosphorylation might
also regulate a similar switch in kindlin-2 function as
seen in LPP.

A growing body of evidence has shown that
interventions on the proteins regulating invadopodia
formation and function can markedly diminish the
metastatic potential of a number of cancer cell types
[45, 54, 55]. Here, we found that IKKe knockdown
dramatically reduces invadopodia formation and
metastasis of CRC cells both in wvitro and in vivo.
Interestingly, the influence of IKKe knockdown on
tumor metastasis in vivo is much more striking than its
impact on cell migration in vitro. Actually, in the
orthotopic implantation experiment, we found that
the original tumors in cecum of mice carrying shlKKe
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cells group is less than that in mice carrying shNC
cells (Supplemental figure 54). This finding indicated
that tumors growth speed in mice inoculated with
IKKe-knockdown CRC cells was inhibited to some
degree. Therefore, we cannot rule out the possibility
that the effect of IKKe knockdown on cell growth and
proliferation might partly contribute to the
suppression in development of tumors in metastatic
sites in vivo. In addition, adhesion of circulating tumor
cells is an important factor in formation of distant
metastasis [56, 57]. IKKe phosphorylates kindlin-2,
which is a key molecular that regulates cell adhesion
to extracellular matrix or surrounding cells. Thus,
another possibility is that IKKe knockdown might
influence the adhesion of circulating tumor cells to
blood vessel during the process of extravasation in
vivo. However, in this study, we provided strong
evidence that IKKe knockdown effectively inhibits
invadopodia formation and ECM degradation in CRC
cells both in vitro and in vivo. We also demonstrated
that IKKe knockdown suppresses the migratory and
invasive capacity of CRC cells both in vitro and in
vitro. These observations support the role of IKKe in
linking invadopodia formation to CRC metastasis,
and further strengthen the impact of invadopodia
formation on metastasis progression. Previously,
IKKe was found to promote metastasis by controlling
the expression of genes involved in cellular invasion
and metastasis, and subsequently associate with poor
clinical outcomes in ovarian cancer [20]. IKKe is also
been reported to involve in the in vivo metastasis of
breast cancer and prostate cancer through inhibiting
the NF-kappaB signaling [21, 40]. To the best of our
knowledge, ours is the first study to reveal the real
impact of IKKe on CRC metastasis. Most importantly,
we provide evidence for a positive association
between IKKe and kindlin-2 phosphorylation in
human CRC samples, which clearly support for a
direct and functional associations between IKKe and
kindlin-2 phosphorylation in human CRC tissues. Our
findings reveal the crucial role of the IKKe-kindlin-2
axis in linking invadopodia formation to CRC
metastasis. Considering the role of kindlin-2 in
regulating focal adhesion and invadopodia, whether
IKKe also localizes to focal adhesions and modulates
cytoskeleton remodeling in membrane structures
await further investigation.

In conclusion, our data demonstrate the novel
role of IKKe in regulating invadopodia formation and
provide mechanistic insight into the regulation of
adhesive structures involved in cell metastasis. We
believe that these findings implicate the therapeutic
potential of IKKe to suppress CRC metastasis.
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