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Abstract
Metastasis is a complex process that requires the interaction between tumor cells and their microenvironment. As an
important regulator of intestinal microenvironment, gut microbiota plays a significant role in the initiation and progression of
colorectal cancer (CRC), but the underlying mechanisms remain elusive. In this study, a metastasis-related secretory protein
cathepsin K (CTSK) was identified as a vital mediator between the imbalance of intestinal microbiota and CRC metastasis.
We implanted MC38 cells into the cecal mesentry of antibiotic-treated mice with intragastrically administration of E. coli to
mimic gut microbiota imbalance. The bigger primary tumors and more liver metastatic foci were detected in the E. coli group
accompanied with high LPS secretion and CTSK overexpression compared with that in the control group. CTSK contributes
to the aggressive phenotype of CRC cells both in vitro and in vivo. Silencing CTSK or administration of Odanacatib, a
CTSK-specific inhibitor, totally abolished the CTSK-enhanced migration and motility of CRC cells. Interestingly, the tumor-
secreted CTSK could bind to toll-like receptor 4 (TLR4) to stimulate the M2 polarization of tumor-associated macrophages
(TAMs) via an mTOR-dependent pathway. Recombinant CTSK could neither stimulate CRC growth and metastasis, nor
induce M2 macrophage polarization in TRL4−/− mice. Meanwhile, CTSK could stimulate the secretion of cytokines by M2
TAMs including IL10 and IL17, which, in turn, promote the invasion and metastasis of CRC cells through NFκB pathway.
Clinically, overexpression of CTSK in human CRC tissues is always accompanied with high M2 TAMs in the stroma, and
correlated with CRC metastasis and poor prognosis. Our current research identified CTSK as a mediator between the
imbalance of gut microbiota and CRC metastasis. More importantly, we illustrated a CTSK-mediated-positive feedback loop
between CRC cells and TAMs during metastasis, prompting CTSK as a novel predictive biomarker and feasible therapeutic
target for CRC.

Introduction

Colorectal cancer is the third most common malignancy
and the second leading cause of cancer death worldwide
[1]. Despite advances in the diagnosis and treatment
of CRC, metastasis remains the major cause of the
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high mortality and poor prognosis. Metastasis is a multi-
stage process modulated by non-malignant cells from the
tumor microenvironment that continuously promotes the
growth, migration, and invasion of host tumor cells [2].
Intestine obtains the largest microbial colonization in
human body, which has been demonstrated contributing
to the occurrence [3], development [4], and immu-
notherapy [5] of colorectal cancer. Imbalance of intestinal
microbiota, termed as intestinal dysbiosis, triggers the
secretion of cytokines by immune cells like lymphocytes
and macrophages to affect the self-repair of colonic epi-
thelial cells [6]. Moreover, intestinal dysbiosis also
increases the release of endotoxins, which could bind to
pattern recognition receptors, especially Toll-like recep-
tors and Nod-like receptors, to promote tumor cell pro-
liferation, invasion, and metastasis [7]. Although large
amounts of studies focus on the interaction between
microbiota and inflammatory cells in CRC development
and progression, the underlying mechanisms are still
controversial.

Cathepsin K (CTSK), a lysosomal cysteine protease
belongs to the peptidase protein C1 family, is pre-
dominantly expressed in osteoclasts involving in bone
remodeling and resorption [8]. Human CTSK participates in
a considerable number of physiological processes, including
MHC-II-mediated antigen presentation, bone remodeling,
keratinocyte differentiation, and prohormone activation [9].
CTSK could also be detected in several cancer types
including oral squamous cell carcinoma [10], breast cancer
[11], ovarian cancer [12], and glioblastoma [13]. Despite its
well-known function in cleaving and activating MM9 to
degrade and remodel the tumor extracellular matrix [14],
tumor-secreted CTSK might also interact with stromal cells
in a paracrine manner. Overexpression of CTSK was
detected in breast cancer tissues, but only the high stromal
CTSK expression was correlated with the low ER and PR
expression and the poor clinical prognosis [15]. Moreover,
the concentration of serum CTSK was significantly
increased in ovarian cancer patients, prompting the possi-
bility of CTSK as a novel clinical diagnostic biomarker for
ovarian cancer [12]. However, the expression of CTSK in
colorectal cancer and its role in CRC growth and progres-
sion is totally unknown.

In this study, we identified CTSK as a metastasis-related
protein upregulated by imbalance of microbiota. The
influences of CTSK on the aggressive phenotypes of CRC
were further confirmed. Moreover, the effects of tumor-
secreted CTSK on M2 polarization of TAMs were also
determined, as well as the corresponding cytokines they
released. The current study will uncover the linkage
between intestinal microbiota and CRC metastasis, and
provide a novel predictive biomarker and feasible ther-
apeutic target for CRC.

Materials and methods

Cell culture

The normal human colon epithelial cell line FHC,
NCM460, and colorectal cancer cell lines including SW480,
SW620, HCT116, LS174T, HT29, and LOVO were
obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and maintained as previously
described [16]. All the cells were cultured in RPMI-1640
(Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (Gibco-BRL, Invitrogen, Paisley, UK) at 37 °
C with a humidity of 5% CO2.

Co-incubation of Escherichia coli (E. coli) and CRC
cells

Escherichia coli (E. coli) were grown in Luria-Bertani (LB)
broth at 37 °C overnight to mid-log phase. Concentration of
bacteria was adjusted based on the optical density reading at
600 nm analyzed by NanoDrop ND-2000. Bacteria were
diluted to 1:10 with appropriate medium prior to co-culture
with CRC cells [17]. Briefly, SW480 cells w/o treatment of
PMA-primed macrophage-like U937 cells were seeded into
12-well lumox plates (Vivascience, Gloucestershire, UK) and
grown to 70% confluence before co-cultured with E. coli at
106 CFU/ml in RPMI-1640 supplemented with 10% fetal
bovine serum for 6 h. E. coli were allowed to infect the
monolayers of CRC cells. All extracellular bacteria were
killed by gentamicin (500 μg/ml for 20min) and the dead
bacteria were removed by extensive washing with phosphate
buffer saline (PBS) [17].

Orthotopic implantation of colorectal cancer cells in
antibiotic-treated mice

Approximately, 1 × 106 MC38 cells were injected into the
cecal mesentry of female C57 mice at 6 weeks of age. After
10 days, gut microbiota of the tumor-bearing mice were
removed by intragastrically antibiotics treatment (A mixture of
neomycin, penicillin metronidazole, and vancomycin) for
5 days. A 100 μl E. coli at a concentration of 1 × 108 CFU/ml
in PBS were administrated to mice once daily for 3 days by a
gavage needle 2 days after antibiotics treatment. 16s RNA
sequencing of mice feces was applied to confirm the success-
fully established of the animal model. The mice were sacrificed
and tumors were harvested 5 days after E. coli inoculation,
which makes the total experimental period of 24 days [18].

Tumor tissue samples

Fresh primary CRC specimens with paired noncancerous
colorectal tissues were obtained from the Tumor Tissue

2448 R. Li et al.



Bank of Nanfang Hospital. In each case, a diagnosis of
primary CRC had been made, and the patient had under-
gone elective surgery for CRC in Nanfang Hospital
between 2015 and 2018. The Ethics Committee of
Southern Medical University approved the study and all
aspects of the study comply with the Declaration of
Helsinki.

Animals

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Southern Medical
University (Guangzhou, China). Female BALB/c nude
mice (3–5 weeks, 14–16 g) obtained from Nanfang
Medical University Experimental Animal Center were
housed in SPF animal room and had free access to ster-
ilized food and water. Mice were divided into five groups:
(1) control group injected with shNC-SW480 cells; (2)
knock down group injected with shCTSK-SW480 cells;
(3) control group injected with LV-ctrl-RKO cells; (4)
overexpression group injected with LV-CTSK-RKO cells;
and (5) medication group injected with LV-CTSK-RKO
cells were orally administered pharmacologic grade
Odanacatib (MK-0822; 3.606 mg kg−1 per week, dis-
solved in dimethyl sulfoxide (DMSO)) from 1 week
before the injection to the end of sample harvest. The
Odanacatib dose was chosen according to the treatment of
humans and converted to an equivalent dose for mice. The
control mice were orally administered DMSO.

For the construction of colon cancer xenograft model,
5 × 106 cells were injected into the mammary fat pad of each
nude mouse. After 4 weeks, mice were sacrificed by cer-
vical dislocation and the xenograft tumors were quickly
harvested for histological study. The tumor volume was
calculated according to the formula: Volume (mm3)=
width2 (mm2) × length (mm)/2. The total 75 mice were used
in three independent experiments.

For the construction of metastasis model, 2 × 106 cells
(100 μl) were injected into the left or right tail vein of
female BALB/c nude mice. After 6 weeks, the nude mice
were dissected; lung and liver tissues were collected (seven
mice per group).

C57BL/10ScNJNju (TLR4−/−) mice (ScNJ) were pur-
chased from Nanjing Biomedical Research Institute.
Blood was extracted from mice tail top and reverse tran-
scription polymerase chain reaction (RT-PCR) experi-
ments were performed to confirm the knockout of TLR4.
MC38 cells (1 × 106) were injected into the cecal mesentry
of WT and ScNJ mice at 6 weeks of age. Five days after
the orthotopic implantation of MC38 cells, recombinant
human CTSK protein (rCTSK, Bio Vision, 1026-10;
1 μg g−1 body weight) or saline were injected into the
peritoneal cavity of mice once a week, respectively. One

week later, mice were injected every 3 days with rCTSK
or saline, which makes the total experimental period of
21 days [19].

U937 monocyte transwell assay

PMA-primed macrophage-like U937 cells were used for
transwell assays. U937 cells obtained from ATCC were
cultured in the suggested medium for 24 h before primed
with 10 nM phorbol 12-myristate 13-acetate (PMA,
Sigma) for 48 h. Transwell assays assessing cell migration
or invasion were performed on 24-well plate with inserts
(BD Biosciences) according to the manufacturer’s
instruction. Primed U937 cells were seeded in the bottom
chamber at a concentration of 5 × 105 cells/ml and the
CRC cells in the upper chamber were allowed to migrate
or invade for 12–24 h before fixation for crystal purple
staining.

Recombinant CTSK protein was added into the
culture medium of monocyte-derived macrophages and
harvested after 24 h. Conditional medium (CM) used
for western blot analysis or the cell migration transwell
assay was obtained from culturing CRC cells in RPMI/
1640 media with 0.1% fetal bovine serum for 24 h
and concentrated via ultrafiltration (Millipore, 15 ml
10KD).

Isolation and treatment of mouse peritoneal
macrophages

Peritoneal macrophages were isolated from healthy
female C57BL/6 mice (6–8-weeks-old) as previously
described [20]. Briefly, 1 ml 4% starch beef extract broth
was injected to mice intraperitoneally 3 days prior to the
harvest of peritoneal microphages. Mice were sacrificed
and macrophages in the peritoneal cavity were lavaged
using 5 ml 1640 medium. Peritoneal fluid was aspirated
from peritoneum and centrifuged (1000 rpm, Eppendorf
5810R) at 4 °C for 10 min. Supernatant was discarded and
the pellet was resuspended and washed with cold PBS for
three times. To characterize the purity of isolated mac-
rophages, cells were examined by flow cytometry 8 h after
isolation.

Western blot analysis

The immunoblot analysis of cell lysates (20–60 mg) in
RIPA buffer was carried out for assessing protein
expression in the presence of rabbit antibodies to CTSK
(Abcam, 19027, 1:500), Phospho-Akt (CST, 4060,
1:1000), Phospho-mTOR (CST, 5536, 1:500), Phospho-
4E-BP1 (CST, 9456, 1:500), Phospho-NF-κB p65 (CST,
3033, 1:1000), Phospho-IKKα/β (CST, 2697, 1:1000),
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Phospho-IκBα (CST, 2895, 1:1000); mouse antibodies to
CD206 (Santa Cruz, 34577, 1:300), CD68 (ZA, 0060,
1:200), TLR4 (Santa Cruz, 293072, 1:500), MyD88

(Santa Cruz, 74532, 1:500), β-tubulin (Abcam, 56676,
1:1000), IκBα (CST, 4814, 1:1000), and IKK-α (CST,
11930, 1:1000).
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Immunofluorescence

Immunofluorescence staining was performed according to
the standard protocol described previously [21]. Polyclonal
rabbit primary antibody to CTSK (Abcam, 19027, 1:500),
mouse antibodies to CD206 (Santa Cruz, 34577, 1:300),
CD68 (ZA, 0060, 1:200), TLR4 (Santa Cruz, 293072,
1:500), HRP-conjugated secondary antibody and DAB
staining kit (CWBIO, Beijing, China) were used in the
experiment. Recombinant human IL4 and IL13 (PeproTech,
20 ng/ml) were applied 24 h before cells were harvested.

Immunohistochemistry (IHC)

IHC was performed to investigate the expression of proteins
in human colorectal cancer tissues. The sections were
incubated overnight using primary antibodies against CTSK
(Abcam, 19027, 1:500) and CD163 (Santa Cruz, 20066,
1:200) at 4 °C. Mayer’s hematoxylin was used as the pur-
pose of nuclear counter staining. In this study, these slides
were reviewed by two or three blind-folded pathologists.
The IHC staining was scored semi quantitatively as 0 (no
staining), 1 (weak staining, light yellow), 2 (moderate
staining, yellowish brown), and 3 (strong staining, brown)
based on the intensity of staining. The IHC score of 2 and
3 was considered as high expression (or overexpression),
whereas <2 was regarded as low expression. The dis-
crepancies (<5%) were resolved by simultaneous re-
evaluation. The Pearson χ2 test was used to determine the
significance of correlation.

Statistical analysis

Data were analyzed using SPSS statistic software version
19.0 (SPSS; Chicago, USA). The Student t-test and the one-
way ANOVA test were carried out for RT-PCR. Kaplan–
Meier plots were used to estimate the prognostic relevance
of CTSK in univariate analysis. Multivariate analysis was
performed by Cox proportional hazards test. Statistical
significance was established at P < 0.05.

Results

Imbalance of intestinal microbiota is associated with
high CTSK expression and advanced progression of
colorectal cancer

To identify the correlation between intestinal microbiota
imbalance and CRC progression, we detected the releasing
of lipopolysaccharide (LPS), the most common endotoxin
brought by intestinal dysbiosis, in human CRC tissues.
Positive LPS was detected in 7.7% (3/39) of normal col-
orectal samples and a much higher rate was observed in
66.7% (27/39) of CRC samples (Fig. 1a, left panel, P <
0.001). Moreover, positive LPS was detected in 40.5% (17/
42) of non-metastatic CRC (nmCRC) tissues and a much
higher rate was observed in 66.7% (18/27) of metastatic
CRC (mCRC) tissues (Fig. 1a, right panel, P < 0.001). To
further confirm this relationship, we orthotopically
implanted MC38 cells to antibiotic-treated mice w/o intra-
gastrically administration of E. coli (Fig. 1b, upper left
panel). The results showed that bigger primary tumors and
more liver metastatic foci were detected in the E. coli group
than that in the control group with statistical significance
(Fig. 1b, upper right panel and lower panel). Immunohis-
tochemistry and immunofluorescence assays indicated that
intestinal dysbiosis brought by the excessive administration
of E. coli dramatically increased the releasing of LPS in
tumor microenvironment (Fig. 1c). Twenty-six differen-
tially overexpressed genes in metastatic CRC tissues were
identified through analyzing our previously published high-
throughput microarray dataset of eight pairs of non-
metastatic and metastatic human CRC tissues (NCBI/
GEO/GSE113296; n= 8, Fig. 1d). Their response to LPS
was detected by quantitative PCR in two different CRC cell
lines. Although CTSK, RCor2, and C9orf116 were sig-
nificantly overexpressed in SW480 cells in response to LPS
while CTSK and CDH15 were significantly overexpressed
in RKO cells, CTSK was the only gene upregulated in both
cell lines (Fig. 1e). The IHC staining of two representative
cases of nmCRC and mCRC tissues confirmed a positive
correlation between overexpression of CTSK and LPS
releasing in the stroma (P= 0.022; Fig. 1f). LPS could

Fig. 1 Imbalance of intestinal microbiota is associated with high
CTSK expression and advanced progression of colorectal cancer.
a Left panel: Immunohistochemistry (IHC) analysis of lipopoly-
saccharides (LPS) in colorectal cancer (CRC) tissues and adjacent non-
tumor tissues. Right panel: IHC analysis of LPS in CRC tissues w/o
metastasis. b Upper left panel: Sketch map shows the orthotopic
implantation of MC38 cells in antibiotic-treated mice w/o intragastrical
administration of E. coli. Upper right panel: HE staining shows the
hepatic metastasis foci in antibiotic-treated mice w/o intragastrical
administration of E. coli. The scatter diagram on the right represents
the number of tumor nodules. Lower panel: The primary tumor
developed by implantation of MC38 cells in antibiotic-treated mice w/
o intragastrical administration of E. coli. c LPS expression in the
primary tumors developed by implantation of MC38 cells in antibiotic-
treated mice w/o intragastrical administration of E. coli. d Heat map
depicting the differentially expressed genes in eight pairs of human
non-metastatic and metastatic CRC tissues. Red and blue indicate high
and low expression of genes. e Real-time PCR analysis shows the
expression of differentially expressed genes in response to LPS
treatment in SW480 and RKO cell lines. f Representative images of
IHC staining analyses of CTSK and LPS in non-metastatic and
metastatic CRC tissues. g Upper panel: Western blot analysis of CTSK
in FHC, SW480 and RKO cell lines in response to LPS treatment.
Lower panel: Western blot analysis of LPS releasing and CTSK in
FHC, SW480, and RKO cells pretreated with E. coli

Gut microbiota-stimulated cathepsin K secretion mediates TLR4-dependent M2 macrophage polarization and. . . 2451



increase the expression of CTSK protein in RKO and
SW480 cells, but not in normal human colon epithelial FHC
cells (Fig. 1g, upper panel). Similar results were obtained in
those cells co-cultured with E. coli (Fig. 1g, lower panel).

Overexpression of CTSK is associated with advanced
progression and poor prognosis of colorectal cancer

We analyzed the expression of CTSK protein in 12 CRC
tissues. As shown in Fig. 2a, overexpression of CTSK was
observed in eight out of 12 CRC tissues compared with

matched non-tumor tissues (P= 0.0016). IHC results fur-
ther demonstrated that CTSK was significantly upregulated
in 79% (31/39) of CRC tissues examined compared to that
in 15% (6/39) of the adjacent normal tissues (Fig. 2b, P <
0.001).

Moreover, western blot analysis demonstrated that
CTSK protein is overexpressed in mCRC (n= 12) tissues
compared with that of nmCRC tissues (n= 8) (P=
0.0056, Fig. 2c). To evaluate the clinical significances of
CTSK, IHC assay was further performed in 42 nmCRC
tissues and 27 mCRC tissues. CTSK was overexpressed in

Fig. 2 Overexpression of CTSK is associated with advanced pro-
gression and poor prognosis of colorectal cancer. a Western blot
analysis of CTSK in colorectal cancer (CRC) tissues (T) and adjacent
non-tumor tissues (N). The scatter chart in the right shows the relative
CTSK expression in normal and CRC tissues (normalized to GAPDH,
P= 0.0016). b Representative images of immunohistochemistry (IHC)
staining analysis of CTSK expression in CRC tissues and adjacent
non-tumor tissues. The bar chart in the right represents the percentage
of high and low CTSK expression cases in normal and CRC tissues. c
Western blot analysis of CTSK in non-metastatic (nmCRC) and

metastatic (mCRC) colon cancer tissues. The scatter chart in the right
shows the relative CTSK expression in nmCRC and mCRC tissues
(normalized to GAPDH, P= 0.0056). d IHC analysis of CTSK
expression in non-metastatic and metastatic CRC tissues. The bar chart
in the right represents the percentage of high and low CTSK expres-
sion cases in nmCRC and mCRC tissues. e Kaplan–Meier survival
curves and univariate analyses (log-rank) for CRC patients with dis-
tinct expression levels of CTSK. f Western blot analysis was used to
detect the expression of CTSK in CRC cell lines
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38% (16/42) of nmCRC tissues and a much higher rate
was observed in 81% (22/27) of mCRC samples (P=
0.032, Fig. 2d). Kaplan–Meier survival analysis of a
previously published CRC dataset (NCBI/GEO/GSE
39582, n= 534) revealed that CTSK expression is closely
correlated with patients’ survival rate and life expectancy.
Patients with low CTSK expression have a significantly
better prognosis (Fig. 2e).

Exogenous CTSK contributes to aggressive
phenotypes of CRC cells both in vitro and in vivo

Real-time PCR and western blot assays were used to mea-
sure the expression of CTSK in CRC cell lines. Compared
with NCM460, CTSK in overexpressed in CRC cells at
either mRNA or protein level (Fig. 2f). To further investi-
gate the effects of CTSK on the biological behaviors of

Fig. 3 Exogenous CTSK contributes to aggressive phenotypes of
colorectal cancer (CRC) cells both in vitro and in vivo. a SW480
tumor cells were injected subcutaneously into the back of nude mice to
evaluate tumor growth. Representative figure of tumors formed is
shown. b The shNC and shCTSK-SW480 cells were injected into nude
mice through the tail vein to evaluate the lung homing potential of
cells. The number of metastatic lung nodules in individual mice was
counted under the microscope. The magnification areas indicated
metastatic nodes in the lung. The asterisk (*) indicates P < 0.05. c The
CTL and CTSK overexpression RKO cells were injected sub-
cutaneously into the back of nude mice to evaluate tumor growth with

or without ODN (3.606 mg kg−1 per week) treatment. Representative
figure of subcutaneous tumors are shown. d The Ctrl and CTSK
overexpression RKO cells were injected into nude mice through the
tail vein to evaluate the lung homing potential of cells with or without
ODN (3.606 mg kg−1 per week) treatment. The number of metastatic
lung nodules in individual mice was counted under the microscope.
The magnification areas indicated metastatic nodes in the lung. The
asterisk (*) indicates P < 0.05. e Western blot analysis shows the
expression of CTSK in conditioned media (CM) of CRC cell lines. f
Western blot analysis was used to detect the secretion of CTSK in
conditioned media (CM) of CRC cell lines
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CRC cells, we successfully constructed the CTSK over-
expressed lentivirus (LV-CTSK), CTSK silencing vector
(shCTSK), and synthesized two CTSK small interfering

RNAs (siRNAs; siCTSK1 and siCTSK2). Endogenous
CTSK lowly expressed RKO cells and CTSK highly
expressed SW480 cells were chosen to overexpress or
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silence CTSK, respectively. Transfection efficiency was
confirmed by western blot analysis (Fig. S1A). Exogenous
overexpression of CTSK dramatically enhanced the
migration and motility ability of RKO cells in 3D invasive,
transwell, and wound healing assays (Fig. S1B–D). Mean-
while, silencing of CTSK inhibited the migration and
invasion of SW480 cells. Although the in vitro CCK8 and
clone formation assays did not support a stimulatory of
CTSK in CRC cell proliferation (Fig. S2), silencing of
CTSK did dramatically inhibit the growth of subcutaneous
tumors (4.2 ± 0.5 g vs. 0 g, P < 0.05; Fig. 3a). Moreover, no
significant lung metastatic focus was found in the shCTSK
group, while the average number of pulmonary metastatic
foci in the shCtrl group was 2.9 (Fig. 3b). Intragastric
administration of ODN, a CTSK-specific inhibitor, reversed
the CTSK promoted subcutaneous tumor growth and pul-
monary metastatic foci formation (Fig. 3c, d).

CRC-secreted CTSK contributes to migration and
motility ability of CRC cells

As a secretory protein, the concentration of CTSK in the
culture medium of NCM460 cells and seven CRC cells was
detected by ELISA assay (Fig. 3e). Western blot assay
indicated an increased CTSK secretion in response to LPS
in RKO and SW480 cells (Fig. S3). CTSK overexpressed
plasmid without signal peptide (CTSK-SP) was constructed
to address the effect of CRC-secreted CTSK on the
migration and motility of CRC cells. Introduction of CTSK-
SP significantly reduced the CRC-secreted CTSK, as well
as decreased the migration and invasion of CRC cells,
compared with the full-length CTSK overexpression group,

suggesting an indispensable role of tumor-secreted CTSK in
CRC metastasis (Fig. 3f). Similar results were obtained
when Odanacatib (ODN) was administrated to the culture
medium (Fig. S4) or endogenous CTSK was silenced by
siRNA (Fig. S5).

CRC-secreted CTSK stimulates CRC metastasis via
inducing the M2 polarization of macrophages

To validate whether CTSK functions as a potent CRC-
secreted chemoattractant, we constructed a novel co-culture
system using CRC cells and macrophages (Fig. 4a). PMA-
primed macrophage-like U937 cells were applied in the
bottom layer, while SW480 or RKO CRC cells was placed
in the upper layer. CTSK silencing SW480 cells showed an
increased ability of migration and invasion with the pre-
sence of macrophage-like U937 cells compared with that
without primed U937 cells. Consistently, the CTSK stable
overexpressing RKO cells displayed a significant increase
in the ability of migration and invasion with the presence of
U937-derived macrophage-like cells.

TAMs show anti-(M1) or protumor (M2) functions
depending on the cytokine milieu of the tumor micro-
environment. We applied M2-specific markers (CD163 and
CD206) to address whether CRC-secreted CTSK con-
tributes to CRC metastasis through stimulating M2 polar-
ization of TAMs. Similar to the effects of IL4/IL13,
recombinant CTSK (rCTSK) significantly increased the
expression of CD206 and CD68 in macrophage-like U937
cells and THP-1 cells detected by immunofluorescence
staining (Fig. 4b, left panel). Similar conclusion was drawn
by western blot assay through detecting the expression of
CD206 and CD68 proteins (Fig. 4b, right panel). Moreover,
the number of CD163-positive macrophage-like U937 cells
detected by flow cytometry analysis was dramatically
increased after the administration of CTSK (Fig. 4c). In
consistent, rCTSK could also increase the expression and
the number of CD206 and CD163-positive cells in primary
peritoneal macrophages detected by immunofluorescence
and flow cytometry assays (Fig. 4d, e).

In the primary tumors developed by orthotopic implan-
tation of MC38 cells in antibiotic-treated mice, excessive
LPS induced by intragastrically administration of E. coli
remarkably stimulated the expression of CTSK, as well as
the number of CD68 and CD163 -positive macrophages in
tumor stroma (Fig. S6). Interestingly, a stimulatory effect of
LPS on M2 polarization of TAMs could only be detected
with the existence of CRC cells (Fig. 4f). Similarly,
immunofluorescence staining indicated that only the E. coli
pretreated SW480 CM could significantly increased the
expression of CD206 and CD68 in macrophage-like U937
cells, LPS or E. coli alone could not induce the M2 polar-
ization of macrophages (Fig. 4g).

Fig. 4 Tumor-secreted CTSK contributes to colorectal cancer (CRC)
cell migration via inducing the M2 polarization of macrophages. a
Schematic diagram shows a co-culture system of macrophage-like
U937 cells and CRC cells. Bar charts shows the invasion and migra-
tion ability of CRC cells with or without the existence of macrophage-
like U937 cells. The asterisk (*) indicates P < 0.05. The double
asterisk (**) indicates P < 0.01. b Left panel: IF assay was used to
visualize the increase of CD206 in macrophage-like U937 and THP-1
cells treated with rCTSK(0.1 µg/ml) or IL4/IL13(0.1 µg/ml). Right
panel: Western blot analysis were used to detect the expression of
CD68 and CD206 in macrophage-like U937 and THP-1 cells treated
with recombinant protein CTSK(0.1 µg/ml) or IL4/IL13(0.1 µg/ml). c
Flow cytometry shows the number of CD163+ U937 cells induced by
CTSK and IL4/IL13. d IF assay was used to visualize the expression
of CD206 in peritoneal macrophages treated with rCTSK (0.1 µg/ml)
or IL4/IL13 (0.1 µg/ml). e Flow cytometry analysis shows the effects
of rCTSK and IL4/IL13 on the M2 polarization of peritoneal macro-
phages. f Upper panel: Flow cytometry analysis shows the effect of
lipopolysaccharide (LPS) and CTSK on the polarization of tumor-
associated macrophages (TAMs). Lower panel: Flow cytometry ana-
lysis shows that LPS could only stimulate M2 Polarization of TAMs
with the existence of CRC cells. g IF assay was used to visualize the
increase of CD206 in macrophage-like U937 cells treated with LPS or
the conditioned media of SW480 cells with or without the existence of
E. coli
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Fig. 5 Colorectal cancer (CRC)-secreted CTSK activates mTOR
pathway via interaction with macrophage membrane receptor Toll-like
receptor 4 (TLR4). a Western blot analysis detected the expression of
TLR4/MyD88p-AKT/mTOR pathway members (phosphorylated AKT
at Ser473, p-mTOR, p-4E, TLR4, MyD88) in macrophage-like cells
w/o the treatment of rCTSK and IL4/IL13. b Western blot analysis of
p-AKT/mTOR pathway members, TLR4 and MyD88 in M2 type
macrophage-like cells with or without the treatment of rCTSK and
Rapamycin (100 nmol). c IF assay analysis of the expression of CD68

and CD206 in IL4/IL13 induced M2 type macrophage-like cells w/o
treatment of rCTSK and Rapamycin. d Western blot analysis detected
the expression of TLR4/MyD88p-AKT/mTOR pathway members in
peritoneal macrophages w/o the treatment of rCTSK and IL4/IL13. e
Upper panel: Validation of endogenous interaction between CTSK and
TLR4 in indicated cells. Lower panel: IF assay analysis of the co-
localization of CTSK with TLR4 in macrophage-like cells. f IF assay
shows the decreased co-localization of CTSK and TLR4 in
macrophage-like cells after silencing TLR4
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CRC-secreted CTSK activates mTOR pathway via
interaction with macrophage membrane receptor
Toll-like receptor 4 (TLR4)

We explored possible oncogenic pathways involving in
CTSK-mediated M2 polarization of TAMs. Western blot
analysis showed that mTOR pathway, a key intracellular
signaling system that drives cellular growth and survival,
was activated in PMA-primed U937 and THP-1 cells after
administration of IL4/IL13 or rCTSK (Fig. 5a). Rapamycin,
the specific inhibitor of mTOR signaling, suppressed the
IL4/IL13 activated expression of p-Akt and p-mTOR,
whereas administration of rCTSK could reverse the rapa-
mycin caused inhibition of mTOR signaling (Fig. 5b).
Immunofluorescence staining of primed U937 and THP-1
cells also confirmed the involvement of mTOR signaling in
CTSK-mediated M2 polarization of TAMs (Fig. 5c). Wes-
tern blot results showed that administration of rCTSK also
increased the expression of TLR4 and activated the PI3K/
AKT/mTOR signaling pathway in mouse peritoneal mac-
rophage culture (Fig. 5d).

Previous reports suggested that CTSK might function
through toll-like receptor family [22]. In our study, the
activation of classic TLR4/Myd88 pathway was con-
firmed in response to rCTSK (Fig. 5a). Moreover, silen-
cing of CTSK was also accompanied with a decreased
expression of TLR4 in CRC cells (Fig. S7). Interaction
between CTSK and TLR4 was further validated by co-
immunoprecipitation (Co-IP) assay using protein extrac-
tions of CTSK highly expressed SW480 cells (Fig. 5e,
upper panel). Immunofluorescence staining indicated a
co-localization of CTSK and TLR4 in macrophage-like
U937 cells (Fig. 5e, low panel), whereas silencing of
TLR4 eliminated their co-localization (Fig. 5f). TLR4
antibody obviously decreased rCTSK induced expression
of CD206 in U937 cells (Fig. 6a) and inhibited the acti-
vation of CTSK-induced mTOR pathway (Fig. 6b).
Consistently, the number of CD163-positive cells stimu-
lated by rCTSK was dramatically reduced in

TLR4 silencing macrophage-like U937 cells (Fig. 6c). To
further validate the involvement of the TLR4-mTOR
pathway in CTSK-induced M2 polarization of TAMs, we
implanted MC38 cells to the cecum of TLR4−/− mice. The
results showed that both the tumor volume and the num-
ber of hepatic metastasis foci in TLR4−/− mice were
significantly reduced compared with WT mice. CTSK
could not stimulate the growth and metastasis of ortho-
topically implanted tumors in TLR4−/− mice (Fig. 6d, e).
Moreover, immunofluorescence (Fig. 6f) and flow cyto-
metry (Fig. S8) assays showed that exogenous CTSK
could not induce the M2 polarization of macrophages
in TLR4−/− mice. To sum up, interaction of TLR4
with CTSK is essential for the polarization of M2
macrophages.

CTSK-induced cytokines secretion by M2 TAMs
promotes CRC cells migration via NF-κB signaling
pathway

Recent studies indicated that the M2 TAMs play a sup-
portive role in tumor progression by secreting cell growth
cytokines and survival factors [23]. Hence, we applied
Human Cytokine Antibody Array to detect the changes of
cytokines secretion in the culture medium of PMA-primed
U937 cells before and after rCTSK treatment. As shown in
Fig. 7a, administration of rCTSK could significantly
increase the secretion of chemokines, such as IL4, IL10, and
IL17. More importantly, overexpression or silencing CTSK
could promote or inhibit the expression of membrane
cytokine receptors in CRC cells correspondingly, indicating
that CTSK recruited M2 TAMs might promote CRC pro-
gression through increased secretion of cytokines (Fig. 7b).
Applying those cytokines to SW480 CRC cells also sig-
nificantly promoted their migration and motility abilities
(Fig. 7c).

Previous reports suggested that cytokines, such as IL10
and IL17, are key regulators for NF-κB (P65) pathway in
mediating cell migration [23]. Consistently, immuno-
fluorescence staining showed that recombinant IL10 and
IL17 could promote the nuclear translocation of phos-
phorylated NF-κB (p-NFκB) (Fig. 7d). Moreover, western
blot analysis also indicated a stimulatory role of those
cytokines on the nuclear translocation of p65 and cytoplasm
translocation of IκB kinase alpha (IKK-α). Meanwhile, the
expression of inhibitor NFκB alpha (IκBα) in the cytoplasm
was relatively attenuated (Fig. 7e). BAY11-7082, the spe-
cial inhibitor of NF-κB pathway, was applied to elucidate
involvement of NF-κB signaling pathway in cytokines-
mediated migration and invasion of CRC cells. Adminis-
tration of BAY11-7082 could dramatically suppress cyto-
kines (IL10 and IL17) stimulated invasion of CRC cells
(Fig. 7f). To further validate whether CRC-secreted CTSK

Fig. 6 TLR4 pathway is essential for CTSK-induced M2 polarization
of macrophages and colorectal cancer (CRC) cell migration. a IF assay
represents the decreased co-localization of CTSK and TLR4 in rCTSK
activated macrophage-like cells after administration of TLR4 antibody.
b Western blot analysis detected the expression of TLR4-AKT/mTOR
pathway members in rCTSK stimulated U937 macrophage-like cells
after the treatment of TLR4 antibody. c Flow cytometry analysis
shows the number of CD163 in macrophage-like cells in indicated
cells. d The primary tumor developed by implantation of MC38 cells
in WT and TLR4−/− mice w/o intraperitoneal injection of rCTSK.
Scatter diagram on the right represents the weight of tumors. e HE
staining shows the hepatic metastasis foci in in WT and TLR4−/− mice
w/o intraperitoneal injection of rCTSK. f IF assay analysis of the
expression of F4/80 and CD206 in peritoneal macrophages larvaged
from WT and TLR4−/− mice w/o treatment of rCTSK
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increases CRC cell migration and invasion through M2
TAMs-mediated TLR4-mTOR-NFκB pathway, CTSK, and
TLR4 antibodies, as well as inhibitors of mTOR and NFκB

pathways were applied. As expected, blockage of the
pathway at each point could abolish almost all the down-
stream effects (Fig. 7g).
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Overexpression of CTSK is correlated with high
abundance of M2 TAMs in CRC tissues

Immunofluorescence staining demonstrated that high CTSK
expression in CRC tissues is always accompanied with high
abundance of M2 TAMs in tumor stroma (Fig. 8a). Similar
result was obtained by IHC staining of human CRC spe-
cimens. Overexpression of CTSK is positively correlated
with the metastatic status of CRC and the abundance of M2
TAMs (CD163 positive) in the stroma (Fig. 8b, left panel).
Moreover, the number of CD163+ cells counted under high
power field (HPF) in the stroma of high CTSK specimens is
nearly twice of that in low CTSK specimens (Fig. 8b, right
panel, P < 0.01).

Discussion

CRC is frequently associated with alterations of intestinal
microbiota composition and structure [24]. The imbalance
of intestinal microbiota alternates the construction of
inflammatory microenvironment and promotes CRC initia-
tion and progression [25]. Although numerous studies have
demonstrated the inflammatory response of intestinal dys-
biosis on CRC progression, the underlying mechanism
remains undefined.

Altered gut microbiota is usually accompanied with
increased levels of LPS, a specific antigen of bacteria [26].
Here, an increased LPS was detected in mCRC tissues,
indicating a stimulatory role of intestinal dysbiosis on CRC
metastasis. This was further confirmed in the MC38 cells
implanted antibiotic-treated mice w/o intragastrically
administration of E. coli. Bigger primary tumors and more
hepatic metastasis foci were developed in the E. coli group,
which is accompanied with excessive LPS secretion. In this
study, CTSK was identified as a metastasis-related gene for

the first time, and it could be upregulated by LPS. Con-
sistent with the stimulatory role of CTSK on aggressive
phenotypes of other cancer types [12, 27, 28], CTSK sti-
mulated the migration and invasion of CRC cells. Although
CTSK did not increase CRC cell proliferation in vitro, no
subcutaneous tumor was formed in the CTSK silencing
group, suggesting a vital role of tumor microenvironment in
CTSK-mediated CRC progression. Further analysis showed
that only CRC-secreted CTSK is essential in promoting the
aggressive phenotype of CRC cells. In pulmonary metas-
tasis model, administration of Odanacatib can significantly
suppress cancer cell metastasis, suggesting that CTSK
inhibitors might be used as a novel therapeutic strategy for
preventing tumor metastasis.

Apart from the well-known function of CTSK in extra-
cellular matrix degradation and remodeling, it could also
participate in the activation of immune cells, especially
macrophages [29]. The expression of macrophage-
associated factor CCL2 was significantly reduced in
cathepsin K-deficient (ctsk-/-) mice, indicating a stimulatory
role of CTSK in macrophages recruitment and tumor
metastasis [28]. In this study, administration of PMA-
primed macrophage-like U937 cells dramatically increased
the migration and motility ability of CRC cells, whereas
silencing of CTSK would counteract the aggressive phe-
notype of CRC cells. Hence, tumor-secreted CTSK might
mediate the imbalance of microbiota to activate macro-
phages in microenvironment, which in turn stimulate the
aggressive phenotype of CRC cells.

In tumor microenvironment, tumor-secreted chemokines
and growth factors could induce monocytes recruitment and
differentiation to macrophage. With the influence of those
cytokines signals, TAMs undergo polarization into M1 and
M2 phenotypes. M1 macrophages express a series of pro-
inflammatory cytokines and chemokines to inhibit tumor
progression, whereas M2 macrophages express anti-
inflammatory cytokines, chemokines, and proteases to
promote tumor progression and immunosuppression. The
immune-related factors including IL10, TGF-GF, EGF,
VEGF, and MMPs, released by the M2 macrophages are
regarded as the key component of CRC metastasis [30].
Moreover, the high density of M2 macrophages is related to
shorter survival time and a high risk of recurrence in a
clinical study in 120 CRC patients [31, 32]. Therefore, we
hypothesized that CRC-secreted CTSK promoted the inva-
sion and migration of CRC by inducing the M2 polarization
of macrophages. As expected, the stimulatory role of
rCTSK on the recruitment of CD163 and CD206-positive
M2 macrophages was detected. Our data also indicated that
CTSK recruited M2 macrophages via an mTOR-dependent
pathway, which is also important for macrophage activation
[33]. However, LPS in non-tumor inflammatory environ-
ment without the existence of CRC cells could not stimulate

Fig. 7 Colorectal cancer (CRC)-secreted CTSK-induced cytokines
secretion promotes CRC cells invasion and metastasis via NF-κB
signaling pathway. a Human Cytokine Antibody Array was applied to
detect the changes of inflammatory factors in conditioned media (CM)
of macrophage-like cells treated with recombinant protein CTSK. The
asterisk (*) indicates P < 0.05. The double asterisk (**) indicates P <
0.01. b Real-time PCR analysis shows the expression of cytokine
receptors in CTSK overexpression or silencing CRC cells. c The
number of invading cells in transwell assay with the treatment of
different cytokines was counted under a microscope in five randomly
selected fields. d IF assay was used to visualize the nucleus translo-
cation of p-NFκb with the treatment of IL10 or IL17. e Western blot
analysis of NFκb pathway members in nuclear and cytoplasm of CRC
cells treated with IL10 or IL17. f The bar chart shows the number of
invaded cells in transwell assay with or without the treatment of
BAY11-7082. g The bar chart shows the invasion and migration of
CRC cells in the co-culture system with the treatment of CTSK anti-
body, TLR4 antibody, BAY11-7082, and Rapamycin
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M2 macrophages recruitment, which further confirmed the
vital role of tumor-secreted CTSK in LPS-mediated CRC
progression.

As LPS is a natural activator of toll-like receptors [34],
the interaction between CTSK and toll-like receptors was

studied. Toll-like receptors are a group of protein recogni-
tion receptors that recognize microorganisms and cause
immune response, which are also demonstrated involving in
in tumorigenesis [35]. Toll-like receptors are either upre-
gulated or downregulated in response to CTSK in

Fig. 8 Overexpression of CTSK is correlated with high abundance of
M2 tumor-associated macrophages (TAMs) in colorectal cancer (CRC)
tissues. a IF assay analysis of the correlation between CD206 and
CTSK in colon cancer tissues. b Immunohistochemistry (IHC)

analysis of the correlation between CD163 and CTSK in colon cancer
tissues. The asterisk (*) indicates P < 0.05. The double asterisk (**)
indicates P < 0.01. c The sketch map of the regulation and mechanism
of CTSK-mediated CRC metastasis
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osteoarthritis [36], rheumatoid arthritis [37], and athero-
sclerosis [38]. In CTSK knockout mice model of rheuma-
toid arthritis, not only the number of immune cells, but also
the Toll-like receptors including TLR4, TLR5, and
TLR9 showed a significant decrease. Consistently, the
expression of CTSK is reduced in the atherosclerosis model
of TLR4 knockout mice [38], indicating a close interaction
between CTSK and TLR4. In this study, we verified a co-
localization and interaction of CTSK and TLR4 using both
immunofluorescence staining and Co-IP assay. Moreover,
TLR4 is indispensable in CTSK-mediated recruitment of
M2 macrophages, because TLR4 antibodies could totally
block rCTSK-mediated M2 macrophages transition. Most
importantly, the CTSK stimulated tumor growth and hepatic
metastasis was totally abolished in TLR4−/− mice. Mean-
while, CTSK lost the stimulatory role of inducing M2
macrophages polarization in TLR4−/− mice.

As M2 macrophages promoted CRC growth and inva-
sion mainly by releasing chemokines like IL17 and EGFR
[39], we detected the secretion of 40 chemokines by TAMs
before and after the treatment of CTSK. Secretion of
inflammatory factors like IL4, IL10, IL17, as well as the
expression of their receptors were significantly upregulated
by the administration of CTSK. Further study confirmed
the stimulatory role of those factors on CRC invasion and
migration through a NFκB-dependent pathway. It is well-
known that the IL17 receptor (IL-17R) activates down-
stream NFκB via the transduction complex IL-17R-Act1-
TRAF6 [40]. In our study, IL10 and IL17 could promote
the dissociation of IKK to release of IκB, and induce the
following translocation of p-NFκB in the nucleus.

In summary, we identified CTSK as a vital mediator
between the imbalance of intestinal microbiota and CRC
metastasis. CRC-secreted CTSK stimulates CRC progres-
sion through accelerating M2 polarization of TAMs in a
TLR4-mTOR-dependent pathway. Meanwhile, chemokines
secreted by activated M2 macrophage, in turn, promote
CRC cells invasion and metastasis by activating NFκB
pathway. The current research illustrates a CTSK-mediated-
positive feedback loop between CRC and TAMs during
metastasis (Fig. 8c), prompting CTSK as a novel predictive
biomarker and feasible therapeutic target for CRC.
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