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Epithelial-mesenchymal transition (EMT) is reported to
involve in the crosstalk between tumor cells and tumor-associ-
ated macrophages (TAMs). Exosomes are considered as impor-
tant mediators of orchestrating intercellular communication.
However, the underlyingmechanisms by which EMT-colorectal
cancer (CRC) cells promote the M2 polarization of TAMs
remain less understood. In this study, we found that EMT-
CRC cells promoted the M2-like polarization of macrophages
by directly transferring exosomes to macrophages, leading to
a significant increase of the microRNA-106b-5p (miR-106b)
level in macrophages. Mechanically, an increased level of
miR-106b activated the phosphatidylinositol 3-kinase (PI3K)
g/AKT/mammalian target of rapamycin (mTOR) signaling
cascade by directly suppressing programmed cell death 4
(PDCD4) in a post-transcription level, contributing to the
M2 polarization of macrophages. Activated M2 macrophages,
in a positive-feedback manner, promote EMT-mediated migra-
tion, invasion, and metastasis of CRC cells. Clinically, miR-
106b was significantly elevated in CRC tissues and negatively
correlated with the levels of PDCD4 in CRC specimens, and
high expression of exosomal miR-106b in plasma was signifi-
cantly associated with the malignant progression of CRC.
Taken together, our results indicate that exosomal miR-106b
derived from EMT-CRC cells has an important role in
intercellular communication for inducing M2 macrophage
polarization, illuminating a novel mechanism underlying
CRC progression and offering potential targets for prevention
of CRC metastasis.

INTRODUCTION
Colorectal cancer (CRC) is the third frequently diagnosedmalignancy
and the second leading cause of cancer death worldwide in 2018.1

Metastasis, a multi-step complex process involving multi-factors, re-
mains the main cause for CRC-associated mortality.2 Nowadays,
increasing evidence indicates that the interplay among various cells
in the tumor microenvironment (TME) represents the necessary pre-
requisite for cancer metastasis.3,4 Tumor-associated macrophages
(TAMs), as the prominent immune population in TME, have been
2088 Molecular Therapy Vol. 29 No 6 June 2021 ª 2021 The American
showed to be frequently related to the metastasis of human cancers.5

They can respond to various signals delivered from tumor cells to
polarize the M1 or M2 phenotype, thereby exerting different func-
tions in tumor progression.6 Numerous studies have demonstrated
that M2-like TAMs exhibit various pro-tumoral activities, including
invasion promoting, immunosuppression, and angiogenesis, to
mediate the process of caner metastasis.4,6 Therefore, the exploration
of the potential mechanisms of TAM M2 polarization holds impor-
tant value for in-depth understanding the metastatic process of CRC.

Epithelial-mesenchymal transition (EMT) in cancer, as known to in-
crease cell motility and invasive potential, is a crucial metastasis-asso-
ciated event.7 Currently, the intercellular communication between
M2 TAMs and tumor cells has been proposed to play an important
role in inducing EMT of tumor cells and promoting EMT-mediated
metastasis.5,8 Recently, our group also revealed the EMT-mediated
interaction between CRC cells and M2-subtype TAMs: on one
hand, M2-like TAMs could induce EMT of tumor cells by secreting
interleukin (IL)-6 to promote CRC metastasis;9 on the other hand,
EMT-programmed CRC cells could activate the expression of
different cytokines, such as CCL2 and IL-4, in cancer cells to enhance
the macrophages’ recruitment and promote their M2-like polariza-
tion.9,10 However, the cross-linking among CRC cells, EMT, and
macrophages is a complex process involved in multiple factors, in
addition to soluble cytokines, the underlying mechanisms still needed
for further exploration.
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Exosomes, characterized by small, disk-shaped extracellular vesicles
with a diameter of 30�150 nm, are nowadays considered as other
important mediators of orchestrating intercellular communica-
tion.11,12 They originated frommultivesicular bodies and are secreted
by many cell types and reported to play important functions in mul-
tiple physiological and pathological processes.13 A growing body of
studies have indicated that tumor-derived exosomes could modulate
the interaction between tumor cells and stroma cells in the TME
through transmitting functional molecules, including messenger
RNAs (mRNAs), microRNAs (miRNAs), proteins, and lipids.12,14

Recently, emerging and accumulating studies pointed out that can-
cer-derived exosomes could deliver miRNAs to macrophages to
induce their M2 polarization, consequently promoting EMT-medi-
cated cancer metastasis.15–19 Given the important role of tumor-
derived exosomal miRNAs in the cross-link among cancer cells,
EMT, and macrophages, our group previously performed miRNA
sequencing to analyze the expression profiling of miRNAs in EMT-
CRC cell-secreted exosomes (EMT-Exos) and identified multiple
differentially expressed miRNAs in EMT-Exos compared to that in
normal CRC cell-secreted exosomes (Nor-Exos) (Sequence Read
Archive [SRA]: SRP227899). Combined with our previous find-
ings,9,10 we hypothesized that EMT-CRC cells might modulate mac-
rophages to the M2 subtype through delivering exosomal miRNAs to
then promote the malignant progression of CRC. However, the po-
tential mechanisms by which EMT-CRC-derived exosomal miRNAs
facilitate M2 macrophage polarization are yet to be elucidated.

In the present study, we found that EMT-Exos could be transferred
into macrophages and induced their M2-like polarization in vitro
and in vivo. Then, microRNA-106b-5p (miR-106b) was identified
to be the critical exosomal miRNA to induce M2 macrophage polar-
ization via comparing the miRNA differences between EMT-Exos
and Nor-Exos by miRNA sequencing. Mechanistically, exosomal
miR-106b inducedM2macrophage polarization by directly suppress-
ing programmed cell death 4 (PDCD4) to activate the phosphatidyli-
nositol 3-kinase (PI3K)g/Akt/mammalian target of rapamycin
(mTOR) signaling pathway. Moreover, activated M2 macrophages
maintain the EMT of CRC cells in a positive-feedback manner,
thereby enhancing the ability of migration, invasion, and metastasis
in vitro and in vivo. Further clinical data demonstrated that plasma
exosomal miR-106b could serve as a promising biomarker in CRC
patients. Collectively, our findings indicate that exosomal miR-
106b derived from EMT-CRC cells has an important role in intercel-
lular communication for inducing M2 macrophage polarization,
illuminating a novel mechanism underlying CRC progression and
Figure 1. EMT-CRC cell-derived exosomes induce M2 macrophage polarizatio

(A) Schematic description of the experimental design. (B) Transmission electron micros
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ANOVA. *p < 0.05; **p < 0.01.
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offering potential targets for prevention and treatment of cancer
metastasis.

RESULTS
EMT-CRC cell-derived exosomes induce M2 macrophage

polarization in vitro

The bilateral crosstalk between EMT-programmed tumor cells and
M2 TAMs has been demonstrated to actively participate in the tumor
progression.9,10,19 Previously, our clinical analyses have shown that
the infiltration degree of M2-like TAMs was closely associated with
the EMT program of tumor cells in CRC tissues.9,20 Thus, it is impor-
tant to further explore whether EMT-CRC cells can induce M2
macrophage polarization. In light of the fact that exosomes are impor-
tant mediators for cell-cell communication, it rationally asks the
question of whether exosomes participate in the above process. To
make it clear, two CRC cell lines (HCT116 and HT29) with epithelial
characteristic were chosen, and identical concentrations of CRC cells
were seeded and treated without and with IL-6 (100 ng/mL), accord-
ing to our previous report.9 After 48 h, cells were harvested for
morphology, western blot, and qRT-PCR analyses. The results found
that compared with cells without IL-6 treatment, both HCT116 and
HT29 cells exhibited a spindle-shaped morphology and increased for-
mation of pseudopodia (Figures S1A and S1B). Further western blot
and qRT-PCR results showed that the expression of the epithelial
marker (E-cadherin) was reduced, whereas the mesenchymal marker
(N-cadherin and vimentin) was upregulated in HCT116 (Figures S1C
and S1D) and HT29 (Figures S1E and S1F) cells treated with IL-6.
These data indicate that IL-6 treatment can induce CRC cells to
exhibit an EMT phenotype. Then, Nor-Exos and EMT-Exos were iso-
lated from the conditional media (CM) by ultracentrifugation (Fig-
ure 1A). Transmission electron microscopy (TEM) showed that the
exosomes were typical rounded particles ranging from 30 to
150 nm in diameter (Figure 1B), and NanoSight analysis exhibited
a similar size distribution of exosomes (Figure 1C). Further western
blot analysis demonstrated the presence of exosomal proteins CD9,
CD63, CD81, and TSG101 and the absence of the endoplasmic retic-
ulum marker calnexin in exosomes (Figure 1D). Intriguingly, all of
the above results demonstrated that much more exosomes were
secreted from EMT-CRC cells than normal ones (Figures 1B�1D).
These results indicate that the EMT program can enhance the exo-
some secretion from CRC cells.

To further evaluate the different abilities of educating macrophages
between Nor-Exos and EMT-Exos in vitro, macrophages were treated
with Nor-Exos or EMT-Exos in vitro (Figure 1A). Flow cytometry was
n in vitro

copy images of exosomes isolated from the medium of HCT116 cells under normal

ing analysis of Nor-Exos and EMT-Exos. (D) Western blot analysis of the expression

) Flow cytometry for analyzing the expression of HLA-DR, CD86, CD163, and CD206

8 h. (F and G) qRT-PCR analyses of the macrophage-associated markers in mac-
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performed and showed that the increased surface M2 markers
(CD163 and CD206) and reduced M1 markers (human leukocyte an-
tigen [HLA]-DR and CD86) in EMT-Exos-treated macrophages
compared with the Nor-Exos ones (Figure 1E; Figure S2A). qRT-
PCR showed that compared with Nor-Exos, EMT-Exos significantly
increased the expression of M2 markers (Arg-1, CD206, CD163, and
IL-10), and markedly decreased the expression of M1 markers (IL-12,
IL-1b, and HLA-DR) in macrophages (Figures 1F and 1G), which
were consistent with the flow cytometry results. Furthermore, we
measured the secretion levels of IL-10 and IL-12 in macrophage cul-
ture supernatants by ELISA, and the results demonstrated that
increased IL-10 and reduced IL-12 secretion were noted in macro-
phages treated with EMT-Exos (Figures 1H and 1I). Moreover, to
further confirm that EMT-Exos could induce M2 macrophage polar-
ization, exosomes were depleted from EMT-CRC cell (HCT116 and
HT29) CM by microfilter, and the Exos-depletion CM were used to
coculture with macrophages for 48 h (Figure S2B). Flow cytometry
and qRT-PCR results demonstrated that EMT-Exos depletion signif-
icantly decreased the surface M2 markers (CD163 and CD206) and
the expression of M2 markers (Arg-1, CD206, CD163, and IL-10)
(Figures S2C�S2F), suggesting that EMT-Exos contribute to the
induction of M2 macrophage polarization. Taken together, the above
results suggest that EMT-Exos contribute to the M2 polarization of
macrophages.

miR-106b is highly expressed in EMT-Exos and can be

transferred to macrophages via exosomes

We next explored how EMT-Exos induce M2 macrophage polariza-
tion. It has been widely accepted that miRNAs encapsulated in exo-
somes are the most abundant RNA content and play an important
role in intercellular communication.21 Recently, emerging evidence
has demonstrated that exosomal miRNAs are involved in the polari-
zation of macrophages.15–19,22 Therefore, we hypothesized that EMT
CRC cell-derived exosomal miRNAs mediate M2 macrophage polar-
ization. To identify the specific miRNAs involved, we performed a
miRNA sequencing to identify the differentially expressed miRNAs
in Nor-Exos and EMT-Exos. The results were shown as heatmaps
in Figure 2A; among them, four miRNAs (miR-27a-3p, miR-106b,
miR-375-3p, and miR-25b-3p) were significantly upregulated in
EMT-Exos compared with Nor-Exos. To further confirm the
sequencing results, RT-PCR analysis was performed to validate the
expression of the above four miRNAs in five independent sets of
Nor-Exos and EMT-Exos, and the results found that miR-106b was
emerged as the most prominently upregulated miRNA in EMT-
Figure 2. MicroRNA (miR)-106b is highly expressed in EMT-Exos and can be tr

(A) Heatmap of differential microRNA (miRNA) expression between Nor-Exos and EMT

further verified by using qRT-PCR to detect their levels in Nor-Exos and EMT-Exos of HC

expression in macrophages incubated with Nor-HCT116-Exos, EMT-HCT116-Exos, an

images show the internalization of PKH67-labeled EMT-HCT116-Exos (green) by DilC16

5p expression in macrophages incubated with EMT-HCT116-Exos for 3 h, 6 h, 12 h, 2

incubated with EMT-HCT116/mock-Exos and EMT-HCT116/miR-106b inhibitor-Exos

bated with Nor/EMT-HCT116-Exos that treated by RNase A, RNase A + Triton X-100, o

Statistical analysis was conducted using one-way ANOVA. n.s., not significant; *p < 0.
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Exos compared with Nor-Exos from both HCT116 and HT29 cells
(Figure 2B). Thus, we thought that miR-106b was a key factor in
inducingM2macrophage polarization by EMT-Exos. Then, we inves-
tigated whether miR-106b could be delivered into macrophages via
exosomes. Macrophages incubated with EMT-Exos (both HCT116
and HT29) expressed higher levels of mature miR-106b than that
with Nor-Exos (Figure 2C; Figure S3A). However, primary (pri)-
miR-106b was not significantly different in the Nor-Exos or EMT-
Exos from both HCT116 and HT29 (Figure 2D; Figure S3B).
Moreover, with the treatment of Annexin V, an inhibitor of exosome
internalization,23 EMT-Exos failed to induce increased pri/mature
miR-106b in macrophages (Figures 2C and 2D; Figures S3A and
S3B). When macrophages were incubated with PKH67-labeled
EMT-Exos derived from HCT116 and HT29 cells, PKH67 lipid dye
spots were observed in the recipient macrophages, suggesting that
labeled exosomes released by different EMT-CRC cells could be deliv-
ered to macrophages (Figure 2E; Figure S3C). Further qRT-PCR re-
sults demonstrated that EMT-Exos were gradually internalized by
macrophages over time (Figure 2F; Figure S3D). Besides, when mac-
rophages were incubated with EMT-Exos derived from HCT116 or
HT29 cells that were transfected with the miR-106b inhibitor,
EMT-Exos did not significantly increase the level of miR-106b in
macrophages (Figure 2G; Figure S3E). Furthermore, a more signifi-
cant reduction of miR-106b was observed in the exosomes treated
with both RNase A and Triton X-100/proteinase K compared with
the control and RNase A-alone groups, and the RNA polymerase II
inhibitor did not affect the increase of miR-106b in recipient macro-
phages, suggesting that miR-106b indeed existed in EMT-Exos and
increased cellular miR-106b in macrophages that arose from EMT-
Exos-mediated miRNA transferring but not endogenous miR-106b
induction (Figure 2H; Figure S3F). Overall, these findings suggest
that miR-106b is highly expressed in EMT-Exos and can be trans-
ferred to macrophages via exosomes.

EMT-Exos-derived miR-106b mediates M2 macrophage

polarization

To explore the role of exosomal miR-106b inM2 polarization of mac-
rophages, we first detected whether exosomes derived from EMT-
CRC cells (HCT116 and HT29) that transfected with the miR-106b
inhibitor could offset the M2 polarization of macrophages induced
by EMT-Exos. As expected, qRT-PCR showed that the expression
of miR-106b in EMT-HCT116 cells and exosomes derived from
EMT-HCT116 cells that transfected with the miR-106b inhibitor
was markedly downregulated (Figure 3A), and similar results were
ansferred to macrophages via exosomes

-Exos. (B) The expression levels of the top 4 enriched miRNAs in EMT-Exos were

T116 and HT29 cells. (C and D) qRT-PCR analysis of mature and pri-miR-106b-5p

d EMT-HCT116-Exos + Annexin V groups. (E) Representative immunofluorescence

-labeled macrophages (red). Scale bars, 20 mm. (F) qRT-PCR analysis of miR-106b-

4 h, and 48 h. (G) qRT-PCR analysis of miR-106b-5p expression in macrophages

for 48 h. (H) qRT-PCR analyses of miR-106b-5p expression in macrophages incu-

r RNA POLY II inhibitor. Experiments were performed in triplicates. Error bars, SEM.

05, **p < 0.01.



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 29 No 6 June 2021 2093

http://www.moleculartherapy.org


Molecular Therapy
observed in HT29 cells (Figure S4A). Then, macrophages were treated
with the exosomes derived from EMT-CRC cells that transfected with
the miR-106b inhibitor. Flow cytometry showed the population of the
CD163highCD206highHLA-DRlow phenotype of macrophages was
strikingly decreased in this condition (Figure 3B; Figure S4B). qRT-
PCR analyses were also in accordance with the above results, which
found that the EMT-miR-106b-5p inhibitor-Exos significantly
decreased the expression of M2 markers (Arg-1, CD206, CD163,
and IL-10) and markedly increased the expression of M1 markers
(IL-12, IL-1b, andHLA-DR) inmacrophages (Figure 3C; Figure S4C).
Furthermore, ELISA demonstrated that decreased IL-10 and
increased IL-12 secretion levels were observed inmacrophages treated
with the EMT-miR-106b inhibitor-Exos (Figures 3D and 3E; Figures
S4D and S4E). Similarly, pretreatment of EMT-Exos with Annexin V
alleviated their function in promoting M2 polarization of macro-
phages (Figures 3B�3E; Figures S4B and S4E).

Next, we further investigated the effect of miR-106b on M2
macrophage polarization by transfecting macrophages with
miR-106b mimics. As shown in Figure 3F, miR-106b mimics
transfection markedly upregulated the expression of miR-106b in
macrophages. Flow cytometry analysis demonstrated that macro-
phages transfected with miR-106b mimics exhibited a higher
proportion of the CD163highCD206highHLA-DRlow phenotype
compared to those transfected with control mimics (Figure 3G).
In accordance with the alteration in phenotype, qRT-PCR results
showed that the miR-106b mimics significantly increased the
expression of M2 markers (Arg-1, CD206, CD163, and IL-10)
and markedly reduced the expression of M1 markers (IL-12, IL-
1b, and HLA-DR) in macrophages (Figure 3H). Concordantly,
miR-106b mimics also enhanced the secretion of IL-10, whereas
inhibited the level of IL-12 in macrophages (Figure 3J). Altogether,
these results demonstrate that miR-106b-containing exosomes
derived from EMT-CRC cells can reprogram macrophages to the
M2 subtype.

EMT-Exos-derived miR-106b induces M2 macrophage

polarization by directly downregulating PDCD4

To explore how exosomal miR-106b could regulate M2 macrophage
polarization, four mRNA target-predicting algorithms, including
TargetScan, miRWalk, miRDB, and miRTarBase, were used to jointly
identify the putative downstream targets of miR-106b (Figure 4A).
Among the predicted targets, PDCD4, which has been demonstrated
Figure 3. EMT-Exos-derived miR-106b mediates M2 macrophage polarization

(A) qRT-PCR analysis of miR-106b-5p expression in cells and exosomes of EMT-HC

analyzing the population of CD163highCD206highHLA-DRlow macrophages incubated w

HCT116-Exos + Annexin V groups. (C) qRT-PCR analyses of the macrophage-assoc

HCT116/miR-106b inhibitor-Exos, and EMT-HCT116-Exos + Annexin V groups. (D and

with EMT-HCT116/mock-Exos, EMT-HCT116/miR-106b inhibitor-Exos, and EMT-HCT

macrophages transfected by control mimics or miR-106b mimics. (G) Flow cytome

transfected by control mimics or miR-106b mimics. (H) qRT-PCR analyses of the macr

106bmimics. (I and J) ELISA for analyzing the secretion of IL-10 and IL-12 in macrophag

in triplicates. Error bars, SEM. Statistical analysis was conducted using one-way ANOV
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to be an important molecule in regulating M1 macrophage polariza-
tion,24,25 was overlapped among all databases and was chosen for
further validation (Figure 4A). After confirming the potential binding
site of miR-106b in the 30 UTR of PDCD4 (Figure 4B), we performed
a luciferase reporter assay in which wild-type (WT)-PDCD4-30 UTR
or mutant (MUT)-PDCD4-30 UTR was cotransfected with miR-106b
mimics or control mimics in macrophages. The results showed that
cotransfection of WT-PDCD4-30 UTR and miR-106b mimics signif-
icantly attenuated the luciferase activity, whereas cointroduction of
MUT-PDCD4-30 UTR and miR-106b mimics had no significant
effect (Figure 4C). In addition, EMT-Exos-derived miR-106b also
effectively decreased luciferase activity in macrophages expressing
WT-PDCD4-30 UTR reporters (Figure 4D; Figure S5A). The above
results suggest that exosomal miR-106b can directly target PDCD4
by binding to its 30 UTR sites. Moreover, the PDCD4mRNA and pro-
tein were also assessed in macrophages transfected with miR-106b
mimics or inhibitors. Western blot analysis revealed that the expres-
sion of PDCD4 was strongly suppressed by overexpressed miR-106b,
whereas the inhibitors of miR-106b relatively enhanced PDCD4
expression (Figure 4E). Similarly, EMT-Exos-derived exosomal
miR-106b could also functionally downregulate the expression of
the PDCD4 protein in macrophages (Figure 4F; Figure S5B). miRNAs
are well known to suppress the expression of downstream target genes
at the post-transcriptional level, and as expected, PDCD4 mRNA re-
mained unchanged with the effects of miR-106b mimics or inhibitors
or EMT-Exos (Figure 4G; Figure S5C). Furthermore, we explored the
specific role of miR-106b-5p for PDCD4 expression. Macrophages
were added with actinomycin D after 24 h after transfection with
miR-106b-5p mimics or control mimics. Then, the PDCD4 mRNA
levels were detected at designated time points. The PDCD4 mRNA
levels were normalized by glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), and the decay model was fit in a one-phase exponen-
tial decay model.26 The results showed that the half-life of PDCD4
mRNA in the miR-106b-5p mimics or control mimics group was
4.027 h and 4.166 h, respectively (Figure 4H; not significant), which
revealed that miR-106b-5p did not affect PDCD4 mRNA stability.
Moreover, AGO2-RNA immunoprecipitation (RIP) assay demon-
strated that PDCD4 mRNA was strongly enriched in the AGO2
immunoprecipitates compared with negative control (NC) immuno-
globulin G (IgG) immunoprecipitates, and the transfection of miR-
106b-5p mimics significantly increased PDCD4 mRNA enrichment
compared with the control mimics group (Figure 4I). Taken together,
these data reveal that EMT-Exos-derived miR-106b regulates PDCD4
T116 transfected by control inhibitor or miR-106b inhibitor. (B) Flow cytometry for

ith EMT-HCT116/mock-Exos, EMT-HCT116/miR-106b inhibitor-Exos, and EMT-

iated markers in macrophages cocultured with EMT-HCT116/mock-Exos, EMT-

E) ELISA for analyzing the secretion of IL-10 and IL-12 in macrophages incubated

116-Exos + Annexin V groups. (F) qRT-PCR analysis of miR-106b-5p expression in

try for analyzing the population of CD163highCD206highHLA-DRlow macrophages

ophage-associated markers in macrophages transfected by control mimics or miR-

es transfected by control mimics or miR-106b mimics. Experiments were performed

A. p < 0.05, **p < 0.01, ***p < 0.001.
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expression in macrophages at a post-transcriptional level by directly
targeting the 30 UTR of PDCD4 mRNA.

To further clarify the function of miR-106b-induced M2 macrophage
polarization through PDCD4 repression, the PDCD4 vector and
control vector were transfected into miR-106b-overexpressing mac-
rophages. As expected, western blot showed that PDCD4 was signif-
icantly downregulated by miR-106b transfection but was rescued
after transfection with the PDCD4 vector (Figure 4J). Functionally,
flow cytometry, qRT-PCR, and ELISA analyses demonstrated that
the promoting effects of miR-106b on M2 macrophage polarization
were abolished by ectopic PDCD4 expression (Figures 4K�4N).
Taken together, these results suggest that EMT-Exos-derived miR-
106b promotesM2macrophage polarization by directly downregulat-
ing PDCD4 in macrophages.

EMT-Exos-derived miR-106b induces M2 macrophage

polarization via the PDCD4/PI3Kg/AKT/mTOR axis

Numerous studies have indicated that the activation of the PI3Kg/
AKT signaling axis in macrophages is involved in the M2 polarization
of macrophages.16,27,28 Moreover, it has been reported that PDCD4
participated in the regulation of the PI3K/AKT/mTOR pathway in
multiple cellular activities.29,30 With the combination of previous
findings with our above results, we speculated that the PI3Kg/Akt/
mTOR signaling pathway might contribute to M2macrophage polar-
ization mediated by the EMT-Exos-derived miR-106b/PDCD4 axis.
To verify the above assumption, western blot was performed to detect
the expression of PI3Kg, AKT, and mTOR in macrophages treated
with Nor- and EMT-Exos derived from CRC cells (HCT116 and
HT29). The results showed that the stimulation of EMT-Exos
decreased PDCD4 expression and increased the expressions of the
phosphorylation level of PI3Kg (p-PI3Kg), AKT (p-AKT), and
mTOR (p-mTOR) in macrophages (Figure 5A). To investigate that
EMT-Exos activate the PI3Kg/AKT/mTOR pathway in macrophages
through delivering miR-106b, miR-106b mimics or inhibitors were
transfected into macrophages to examine the activation of the
PDCD4/PI3Kg pathway. As shown in Figure 5B, overexpression of
miR-106b in macrophages significantly downregulated the expres-
sion of PDCD4 and upregulated the expression of p-PI3Kg,
p-AKT, and p-mTOR, whereas inhibition of miR-106b exhibited
Figure 4. EMT-Exos-derived miR-106b directly targets PDCD4 in macrophages

(A) Target gene prediction of miR-106b-5pwith four bioinformatics tools. (B) Schematic d

PDCD4 30 UTR. (C) Relative luciferase activity of reporter plasmids carrying wild-type o

control mimics. (D) Relative luciferase activity of reporter plasmids carrying wild-type o

HCT116-Exos. (E) Western blot analysis of PDCD4 expression inmacrophages transfect

macrophages treated with exosomes from normal and EMT-HCT116 cells that transfec

expression in macrophages treated with exosomes from normal and EMT-HCT116 ce

curves of macrophages carrying miR-106b-5p mimics or control mimics. The decay m

cipitation (RIP) assay showing that miR-106b-5p interacted with PDCD4 mRNA in macr

or/and PDCD4-overexpression plasmids. (K) Flow cytometry for analyzing the popula

mimics or/and PDCD4-overexpression plasmids. (L) qRT-PCR analyses of the macrop

PDCD4-overexpression plasmids. (M and N) ELISA for analyzing the secretion o

PDCD4-overexpression plasmids. Experiments were performed in triplicates. Error b

**p < 0.01, ***p < 0.001.
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the opposite effects. To further confirm whether EMT-Exos derived
miR-106b via the PDCD4/PI3Kg pathway, macrophages were treated
with TG100-115, a PI3K p110g inhibitor, prior to coculture with
EMT-Exos, or transfected with miR-106b mimics (Figure 5C). The
following results found that the expression of p-AKT and p-mTOR
was downregulated in PI3Kg inhibition groups. Furthermore, flow
cytometry, qRT-PCR, and ELISA analyses were performed and deter-
mined that EMT-Exos-derived miR-106b induced M2 macrophage
polarization via regulating the PDCD4/PI3Kg pathway (Figures
5D�5I). Collectively, these results indicate that EMT-Exos-derived
miR-106b activates the PI3Kg/AKT/mTOR signaling pathway to
promote M2 macrophage polarization through inhibiting PDCD4
expression in macrophages.

Activated M2 macrophages promote EMT, migration, and

invasion of CRC cells in vitro

Previously, our and other groups have demonstrated that M2 TAMs
promote the EMT of tumor cells by secreting immunosuppressive
factors, such as transforming growth factor (TGF)-b and IL-6 to facil-
itate tumor progression.10,20 To determine whether M2 macrophages
activated by exosomal miR-106b contribute to the promotion of
EMT, migration, and invasion of CRC cells, we first conducted a
set of experiments in vitro. Macrophages were divided into two
groups: one group was treated with EMT-HCT116-Exos or EMT-
HT29-Exos; the other group was transfected with miR-106b mimics
or control mimics. These macrophages were indirectly cocultured
with HCT116 or HT29 cells by using an in vitro noncontact Transwell
coculture system, as we previously used9,10,20 (Figure 6A). The results
demonstrated that after coculturing with the macrophages that were
treated by EMT-HCT116-Exos or transfected with miR-106b mimics
for 48 h, the expression levels of E-cadherin were significantly
decreased, whereas the expression levels of N-cadherin and vimentin
markedly increased in HCT116 cells at both mRNA (Figures S6A and
S6B) and protein (Figures 6B and 6C) levels. Further Transwell
migration and invasion assays showed that macrophages treated by
EMT-HCT116-Exos or transfected with miR-106b mimics signifi-
cantly increased the migration and invasion of HCT116 cells (Figures
6D and 6E). Consistently, similar results were found in HT29 cells
(Figures 6F�6I; Figures S6C and S6D).Together, these data suggest
that activated M2 macrophages by EMT-Exos-derived miR-106b
to induce M2 macrophage polarization
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promote CRC cells’ EMT in a positive-feedback manner, thereby
enhancing the migration and invasion abilities of CRC cells in vitro.

EMT-Exos-derived miR-106b induces M2 macrophage

polarization to facilitate CRC metastasis in vivo

Then, we explored the role of EMT-Exos-derived miR-106b in M2
macrophage polarization by in vivo experiments. HCT116 cells
were subcutaneously injected into the right flank region of mice;
meanwhile, THP1-induced macrophages were injected into the
mice via tail-vein interval for 3 days. Then, implanted tumors were
treated with Nor-Exos, EMT-Exos, miR-106b agomir, or miR-ago-
mir-NC, respectively. The results analyzed by immunohistochemistry
(IHC) and qRT-PCR demonstrated that EMT-Exos-derived miR-
106b could induceM2 polarization of TAMs by post-transcriptionally
suppressing PDCD4 expression (Figure 7A; Figure S7A). These find-
ings indicate that EMT-Exos-derived miR-106b induces M2 macro-
phage polarization.

Furthermore, we explored the role of EMT-Exos-derived, miR-106b-
activated M2 macrophages in EMT of CRC cells by using an in vivo
xenograft model. HCT116 cells that cocultured with the conditioned
macrophages (stimulated by EMT-Exos or transfected by miR-106b
mimics) were subcutaneously injected to establish the xenograft
model. The results showed that the implanted tumors in the EMT-
Exos + M group were significantly larger and heavier than those in
the PBS + M or Nor-Exos + M group (Figure S7B). Similarly, larger
and heavier tumors were also observed in the miR-106b agomir +
M group compared with the miR-agomir-NC + M group (Figures
S7C and S7D). More importantly, further analyses showed that acti-
vated M2 TAMs could promote the EMT program of CRC cells (Fig-
ure 7B). In addition, the enhanced EMT of tumor cells was reported to
promote circulating tumor cell (CTC) generation, which is consid-
ered to be the precursor of tumor metastasis.31,32 Thus, we further de-
tected CTC count from blood of every mouse by using our previously
developed device.9,10,20,33 The representative CTC images were pre-
sented in Figure 7D, and quantitative analysis found that the count
of CTC was significantly increased in the EMT-Exo + M or miR-
106b mimics + M group compared with the other three groups
(Figure 7C). These findings were similar to the in vitro results,
substantiating that EMT-Exos-activated M2 macrophages promote
the EMT of CRC cells.

To further evaluate the function of M2 macrophages activated by
EMT-Exos-derived miR-106b in promoting the metastasis of CRC
Figure 5. EMT-Exos-derived miR-106b induces M2 macrophage polarization v
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in vivo, HCT116 cells that cocultured with the conditioned macro-
phages (stimulated by EMT-Exos or transfected by miR-106b
mimics) were injected into the mice via tail vein. After 6 weeks, we
observed that more metastatic nodules in both liver and lung were
generated in the EMT-Exos + M group than the PBS + M or Nor-
Exos + M group (Figures 7D and 7E). Likewise, there were more
visible liver and lung and metastatic nodules in the miR-106b
mimics + M group compared with the control group (Figures 7D
and 7E). Moreover, the weight of mice in the EMT-Exos + M or
miR-106b mimics + M group was significantly decreased compared
with that in the other three groups (Figure 7F). Overall, these results
indicate that EMT-Exos-derived miR-106b contributes to induce M2
macrophage polarization to promote the EMT of tumor cells, thereby
facilitating CRC metastasis in vivo.

miR-106b upregulation in plasma exosomes and tumor tissues

indicates malignant transformation of CRC

To extend current knowledge to clinical application, we first investi-
gated whether miR-106b accounts for M2 macrophage polarization
and malignant progression in clinical CRC samples. As shown in Fig-
ure 8A, the expression of the miR-106b level was upregulated in CRC
tissues compared with adjacent normal tissues (n = 91; p < 0.05).
Further, in situ hybridization (ISH) and IHC results confirmed that
miR-106b was closely related to M2 macrophage polarization and
the EMT of tumor cells in the TME (Figure 8B; Figures S8A and
S8B). Then, we analyzed the correlations between miR-106b expres-
sion in tissues and clinicopathological features of CRC patients. The
results showed that positive associations were identified between up-
regulated miR-106b levels in CRC tissues and poor tumor grade, deep
tumor invasion, lymph node metastasis, advanced tumor stage, and
positive preoperative CTC status (p < 0.05, respectively; Table S1).
Moreover, Kaplan-Meier analysis showed that high miR-106b levels
in CRC tissues were correlated with reduced recurrence-free survival
(RFS) and overall survival (OS) of CRC patients (p < 0.05, respec-
tively; Figures S8C and S8D), and Cox proportional hazards regres-
sion analysis further demonstrated that high miR-106b expression
was an independent prognostic factor for affecting the RFS and OS
of CRC patients (p < 0.05, respectively; Table S2).

Furthermore, we examined the clinical significance of exosomal miR-
106b that was expressed in clinical plasma samples. qRT-PCR results
showed that plasma exosomal miR-106b levels were significantly
elevated in CRC patients compared with healthy controls (p < 0.05;
Figure 8C), similar to the results in tumor tissues. After tumor
ia the PDCD4/PI3Kg/AKT/mTOR axis
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resection, plasma exosomal miR-106b levels were decreased in most
CRC patients (Figure 8D), indicating that plasma exosomal miR-
106b was mainly secreted by tumor tissue. In addition, we found
that increased exosomal miR-106b expression in plasma samples
was positively correlated with the number of CTC in the peripheral
blood of CRC patients (p < 0.05, Figures 8E and 8F). Further analysis
revealed that plasma exosomal miR-106b upregulation was correlated
with poor tumor grade, lymphovascular invasion, deep tumor inva-
sion, lymph node metastasis, advanced tumor stage, and positive pre-
operative CTC status in CRC patients (p < 0.05, respectively; Table 1).
Taken together, these clinical data suggest that miR-106b is upregu-
lated in both plasma exosomes and CRC tissues, and increased
miR-106b level is closely related to tumor malignant transformation
of CRC, indicating that exosomal miR-106b could serve as a valuable
biomarker for CRC patients.

DISCUSSION
The immunosuppressive TME, a dynamic system orchestrated by
intercellular communications, is composed of diverse factors and
cells.34 Macrophages, especially M2-subtype macrophages, are the
most common immune components in immunosuppressive TME,
which have been demonstrated to play a dramatic, significant role in
tumor progression.6 EMT, as an important hallmark of solid tumors,
has recently been demonstrated to be a key driving factor for macro-
phage polarization.7 Our previous studies have established the crosstalk
between M2-TAMs and CRC cells that are mediated by chemokines
and cytokines, which are responsible for maintaining tumor cells’
EMT status and tumor metastasis.9,10,20 Emerging evidence has shown
that cancer cells and macrophages can interact through exosome-
mediated bioactive molecule exchange.14 Therefore, it is necessary to
study the relationships among tumor cells, EMT, and macrophages
mediated by exosomes. In this study, we purified exosomes from the
supernatant of EMT-CRC cells to investigate their role and mecha-
nisms of M2 macrophage polarization. A series of consequent experi-
ments showed that EMT-Exos could induce the alternative activation
of macrophages toward the M2 phenotype, which facilitated the
EMT of CRC cells in a feedback way and thus promoted the migration,
invasion, and metastasis of CRC both ex vivo and in vivo. Our findings
suggest that EMT-Exos are important components of the TME, which
involve in the formation of immunosuppressive TME by acting as an
important messenger to mediate the crosstalk between tumor cells
and macrophages, thereby facilitating CRC progression.

Exosomes are small extracellular vesicles secreted by multiple-type
cells under different conditions.13 Numerous previous studies have
Figure 6. Activated M2 macrophages promote EMT, migration, and invasion o

(A) Schematic representation of the in vitro model for cell coculture. (B and C) Wes
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demonstrated that hypoxia could promote the release of exosomes
from multiple tumor cells, including glioma, lung cancer, pancreatic
cancer, and epithelial ovarian cancer, to regulate different cell
signaling and thus exert diverse biological functions.15–18 In the pre-
sent study, we found that under EMT status, CRC cells secreted more
exosomes than normal CRC cells, which in accordance with the pre-
vious results reported by Hsieh and colleagues,19 suggested that the
EMT program could enhance the exosome secretion of tumor cells.
Recently, exosome-mediated intercellular communication is gradu-
ally proposed to be an effective manner in which to regulate the bio-
logical behaviors of recipient cells via delivering proteins and genetic
materials (mRNA, miRNA, long noncoding RNA [lncRNA], etc.) to
recipient cells.11,12 Growing evidence has shown that tumor-derived
exosomal miRNAs play an important role in the M2 polarization of
macrophages.15–17,19,21,35,36 Under hypoxic condition, glioma cell-
derived exosomal miR-1246, pancreatic cancer-derived exosomal
miR-301a, lung cancer-derived exosomal miR-103a and epithelial
ovarian cancer-derived exosomal miR-21-3p, miR-125b-5p, and
miR-181d-5p could be transferred to macrophages to induce their
M2-like polarization.15–18 Noteworthily, a recent study showed that
the EMT transcriptional factor (EMT-TF) snail-overexpressing
head and neck squamous cell carcinoma cells promoted M2 macro-
phage polarization by delivering miR-21-abundant exosomes.19 In
this study, we analyzed the profiles and patterns of miRNAs in
Nor-Exos and EMT-Exos by miRNA sequencing and found that
more than 20 miRNAs were upregulated in EMT-Exos compared
with Nor-Exos. Among them, miR-106b was the most enriched
miRNA in EMT-Exos, implying that miR-106b might play a more
important role than the rest. Previously, miR-106b has been reported
to act as an onco-miRNA (onco-miR) through directly regulating
downstream target genes in multiple solid cancers, including gastric
cancer,37 hepatocellular carcinoma,38 breast cancer,39 and renal carci-
noma.40 Inconsistently, miR-106b might exert a dual role as a tumor
suppressor or an oncogene in CRC development. On one hand,
Zheng et al.41 reported that miR-106b overexpression could induce
cell radioresistance by regulating the phosphatase and tensin homo-
log (PTEN)/PI3K/AKT axis and p21 expression in CRC. Zhang and
colleagues42 showed miR-106b promoted the migration and invasion
of CRC cells via directly targeting DLC1. TwomiRNAmicroarray an-
alyses also demonstrated that they were was highly expressed in CRC
tissues, and high levels of miR-106b were significantly associated with
poor prognosis of CRC patients.43,44 On the other hand, Zhuang
et al.45 found that the expression of miR-106b in CRC was obviously
downregulated, and high miR-106b levels predicted a favorable OS in
CRC patients. Herein, we found that miR-106b was significantly
f CRC cells in vitro
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upregulated in CRC tissues, and high miR-106b expression was an in-
dependent prognostic factor for affecting the RFS and OS of CRC
patients. Moreover, for the first time, we demonstrate that miR-
106b could be transferred from EMT-CRC cells to macrophages via
exosomes to induce them toward an immunosuppressive M2 pheno-
type. In a feedback way, these activated macrophages promoted the
EMT of CRC cells, thereby facilitating tumor metastasis. Interest-
ingly, these results reveal a novel mechanism by which miR-106b
indirectly plays an oncogene role in CRC progression by participating
in the interplay between EMT-CRC cells and macrophages in TME.

PDCD4, a known tumor-suppressor protein, is frequently downregu-
lated in various types of human solid cancers, including CRC, and the
loss of PDCD4 contributes to tumor initiation, progression, and
metastasis.46,47 Recently, PDCD4 was reported to play an important
role in M1 macrophage polarization.19,24,25 Several interesting studies
have shown that PDCD4 knockout mice are less susceptible to lipo-
polysaccharide (LPS) toxicity25 and are resistant to inflammatory dis-
ease,24 suggesting that PDCD4 possesses potent proinflammatory
properties, and suppression of PDCD4 can result in M2 polarization
of macrophages. This was confirmed in subsequent studies performed
by Hsieh and colleagues,19 which demonstrated that tumor-derived
exosomal miR-21 could promote M2-like polarization of macro-
phages by directly suppressing PDCD4 expression. In this study, we
identified miR-106b as a key upstream regulator of PDCD4, suggest-
ing that it is one mechanism related to M2 macrophage polarization.
Our results showed that EMT-CRC cell-derived exosomal miR-106b
could bind to the 30 UTR to post-transcriptionally inhibit the expres-
sion of the PDCD4 level in macrophages, thereby promoting their M2
polarization.

PI3K p110g, as one number of the class I PI3K lipid kinase family, in-
volves partly promoting tumor development though stimulating
neutrophil polarization and mediating immune suppression.27,28 A
recent study reported that macrophage PI3Kg signaling through
AKT- and mTOR-stimulated C/EBPb activation, which is a crucial
transcription factor involved inM2macrophage polarization, thereby
drives transcriptional programming ofM2-subtype macrophages that
promote immune suppression during tumor growth.28 In addition,
hypoxic pancreatic cancer-derived exosomal miR-301a and lung can-
cer-derived exosomal miR-103a mediated M2 macrophage polariza-
tion via targeting the PTEN/PI3Kg/AKT axis to promote tumor
metastasis.16,17 These findings indicate that the PI3Kg/AKT/mTOR
signaling pathway is closely associated withM2macrophage polariza-
tion. In our study, we showed that EMT-Exos-derived exosomal miR-
106b promoted the polarization of M2 macrophages via stimulating
the activation of PI3Kg/AKT/mTOR signaling, thereby promoting
Figure 7. EMT-Exos-derived miR-106b induces M2 macrophage polarization to

(A) Immunohistochemistry (IHC) analyses of the expression of PDCD4 and CD163 in im

analyses of the expression of E-cadherin and vimentin in implanted tumor tissues th
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the migration, invasion, and EMT of CRC cells in vitro, as well as liver
and lung metastasis in vivo. Previously, growing studies have demon-
strated that PDCD4 loss was inversely related to constitutive activa-
tion of the PI3K/AKT signaling axis,29,30 indicating that PDCD4 leads
to the inactivation of the PI3K/AKT pathway. In this study, we
demonstrated that EMT-Exos-derived exosomal miR-106b could
inhibit the expression of PDCD4 in macrophages and thus, induced
M2 macrophage polarization by activating the PI3Kg/AKT/mTOR
pathway, thereby facilitating the malignant progression of CRC cells
in vitro and in vivo. Our results first highlight the important role of
the PDCD4/PI3Kg axis in M2-subtype polarization of macrophages.

Liquid biopsy, which refers to the molecular analysis of disease
genetic phenotypes based on circulating genetic material (such as
circulating tumor DNA [ctDNA], miRNA, and exosome) in body
fluids, is already reported to be a useful diagnostic and prognostic
tool in various kinds of solid tumors, including CRC.48,49 Recent
studies have shown that exosomal noncoding RNAs (ncRNAs) pre-
sent in a stable form because the exosomal vesicle can protect them
from being degraded by endogenous RNase.21,50Therefore, exo-
some-encapsulated ncRNAs are more accurate and better biomarkers
for cancer management. Especially, plasma exosomal miRNAs, as a
new liquid biopsy source in free form, are promising diagnostic and
prognostic biomarkers for cancers.51,52 In this study, we demon-
strated that the levels of exosomal miR-106b were significantly
elevated in CRC patients’ plasma compared with healthy controls,
and the upregulation of serum exosomal miR-106b levels was posi-
tively correlated with unfavorable clinicopathological features of
CRC patients, including poor tumor grade, lymphovascular invasion,
deep tumor invasion, lymph node metastasis, advanced tumor stage,
and positive preoperative CTC status. In addition, a dramatic drop of
exosomal miR-106b levels was observed in most CRC patients after
tumor resection. Collectively, our clinical data suggest that a quanti-
tative plasma test for the miR-106b level in circulating exosomes
would be useful for selection of the patients with a high risk of metas-
tasis for preventive treatment. However, the clinical diagnostic and
prognostic efficiency of plasma exosomal miR-106b in CRC patients
needs to be further confirmed in expanded CRC cohorts.

In summary, our results show that EMT tumor-derived exosomal
miR-106b-5p promotes macrophages to M2-like polarization via
downregulating PDCD4 to activate the PI3Kg/AKT/mTOR signaling
pathway. Activated macrophages facilitate the intravasation of tumor
cells tomediate CTC generation by promoting the EMT of tumor cells
in a feedback manner, thereby facilitating the liver and lung metas-
tasis of CRC (Figure 8G). These findings illustrate new crosstalk
between tumor-macrophage and CRC cells in TME through
facilitate CRC metastasis in vivo
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communication with exosomes during EMT, which explains why
EMT-tumor cells show increased metastasis ability and uncover a
novel molecular mechanism of CRC metastasis, highlighting secreted
miR-106b-5p as a promising diagnostic and therapeutic target for
CRC.

MATERIALS AND METHODS
Detailed materials and methods are provided in Supplemental mate-
rials and methods.

Patient samples

A volume of 5 mL peripheral blood samples were collected in
EDTA-containing tubes (Becton Dickinson [BD], USA) from CRC
patients (n = 45) and healthy volunteers without any malignancy
(n = 20) for plasma exosome isolation. Primary CRC and paired par-
acarcinoma (distance to cancer >5 cm) tissue samples were obtained
from 91 patients, and 5 mL peripheral blood samples were also
collected in EDTA-containing tubes from these patients at the
time of hospitalization for CTC detection. All enrolled patients
were diagnosed as adenocarcinoma of colorectal by histopathology
and underwent curative resection in the Zhongnan Hospital of
Wuhan University (Wuhan, China). Moreover, all patients who
were devoid of neoadjuvant chemotherapy or/and radiotherapy
had available preoperative CTC and survival data. This study was
endorsed by the Ethics Committee of Zhongnan Hospital of Wuhan
University in compliance with the Helsinki Declaration. Written,
informed consents were obtained from all participants prior to
sample collection.

Exosome isolation, identification, and quantification

The cell lines were cultured in the normal medium until 80%–90%
confluent; thereafter, medium was replaced with RPMI 1640 with
10% exosome-depleted fetal bovine serum (FBS; 160,000 g, 16 h).
After 72 h, the cell CM was harvested. The exosomes from the normal
(Nor-Exos) and EMT (EMT-Exos) CRC cell CM were isolated by the
ultracentrifugation method and characterized by using a transmission
electron microscope (JEM-100CX-II; Jeol, Japan), NanoSight analysis
(NanoSight NS-300 instrument; UK), and western blot, as previously
described.35 Exosomes from patients’ plasma samples were isolated
by using exoRNeasy Serum/Plasma MaxiKits (QIAGEN, Germany),
according to the manufacturer’s protocol. The exosomes were dis-
solved with PBS and stored at �80�C. The harvested exosomes
were quantified by evaluating the protein concentration of exosomes,
which was determined using a bicinchoninic acid (BCA) protein
assay kit (Millipore, Billerica, MA, USA). The depletion of exosomes
Figure 8. miR-106b upregulation in plasma exosomes and tumor tissues indic

(A) qRT-PCR analysis of the expression of miR-106b in tumor tissues and matched para
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from CMwas carried out by a microfiltration ExoMir PLUS Kit (Bioo
Scientific, USA).

miRNA sequencing and bioinformatics analysis

The miRNA sequencing of Nor-Exos and EMT-Exos was performed
by an Illumina HiSeq 2000/2500 platform (Illumina, San Diego, CA,
USA). A small RNA sequencing library used for sequencing was pre-
pared using the TruSeq Small RNA Sample Prep Kits (Illumina, San
Diego, CA, USA). Expression data were normalized to fragments per
kilobase per million mapped reads (FPKM), and the differentially
expressed miRNAs were determined by the DESeq2 package of R
software using default values. Significantly differentially expressed
miRNAs were defined by log2

jfold changej >1 and adjusted p value
<0.01. A heatmap was generated with all significant, differentially ex-
pressed miRNAs in EMT-Exos compared with that in Nor-Exos. The
four online miRNA targeting databases, including TargetScan, miR-
Walk, miRDB, and miRTarBase, were used to jointly predict the
potential targets of our candidate miRNA-miR-106b.

Animal experiments

To examine the effects of EMT-Exos-derived miR-106b on macro-
phage polarization in vivo, thirty BALB/c nude mice (female,
4�6 weeks old, and 16�20 g) were purchased from Hubei Research
Center of Laboratory Animals (Wuhan, China) and were randomly
divided into 5 groups (n = 6 per group). Clodronate liposomes
were intravenously injected into each mouse for macrophage
ablation.35 Then, HCT116 cells (5� 106 cells per mouse) were subcu-
taneously injected into the right flank region of each mouse. Mean-
while, THP1-induced macrophages (106 cells/50 mL per mouse)
were injected into the mice via tail-vein interval for 3 days. After
10 days, PBS, Nor-Exos, EMT-Exos, miR-106b agomir, or miR-ago-
mir-NC (RiboBio, Guangzhou, China) was directly injected into the
implanted tumor. After 30 days of cell injection, the mice were
sacrificed, and the transplanted tumors were removed for further ex-
periments. Furthermore, to explore the role of EMT-Exos-derived,
miR-106b-activated M2macrophages in EMT of CRC cells, the thirty
above nude mice were randomly divided into 5 groups (n = 6 per
group). HCT116 cells that cocultured with the conditioned macro-
phages (stimulated by PBS, Nor-Exos, and EMT-Exos or transfected
by miR-NC and miR-106b mimics) were subcutaneously injected to
establish a xenograft model. Then, tumor volume was measured every
5 days. After 30 days, the mice were sacrificed, and the transplanted
tumors were removed for visually examination and further detection.
1 mL blood per mouse was collected into EDTA-containing tubes via
cardiac puncture. The tumor and blood samples were collected for
ates malignant transformation of CRC

-carcinoma tissues from CRC patients (n = 91). (B) In situ hybridization of miR-106b-
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Table 1. Relationship between serum exosomal miR-106b level and

clinicopathological features of CRC patients (n = 45)

Parameters

No. of
patients miR-106b expression

c2 value p valueNo. % <median Rmedian

Gender

Male 27 60.0 12 15
0.534 0.465

Female 18 40.0 10 8

Age, years

<60 17 37.8 7 10
0.650 0.420

R60 28 62.2 15 13

Tumor site

Colon 24 53.3 13 11
0.573 0.449

Rectal 21 46.7 9 12

Tumor size, cm

<5 20 44.4 8 12
1.138 0.286

R5 25 55.6 14 11

Tumor grade

Moderate/well 21 46.7 14 7
4.980 0.026*

Poor 24 53.3 8 16

Lymphovascular invasion

Absence 26 57.8 16 10
3.943 0.047*

Presence 19 42.2 6 13

Perineural invasion

Absence 28 62.2 16 12
2.021 0.155

Presence 17 37.8 6 11

Tumor invasion

T1-2 12 26.7 9 3
4.465 0.035*

T3-4 33 73.3 13 20

Lymph node metastasis

N0-1 19 42.2 13 6
5.021 0.025*

N2-3 26 57.8 9 17

TNM stagea

I/II 24 53.3 16 8
6.505 0.011*

III 21 46.7 6 15

CEA, ng/mL

<5 32 71.1 18 14
2.402 0.121

R5 13 28.9 4 9

Preoperative CTC status

Negative 12 26.7 9 3

4.465 0.035*Positive 33 73.3 13 20

Overall 45 10.0 22 23

*p < 0.05. TNM, tumor-node-metastasis; CEA, carcinoembryonic antigen; CTC, circu-
lating tumor cell.
aThe 8th edition of the American Joint Committee on Cancer (AJCC) Cancer Staging
Manual.
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subsequent experiments. To examine the effects of the conditioned
macrophages on tumor metastasis in vivo, the twenty-five aforemen-
tionedmice were randomly divided into five groups (n = 5 per group).
HCT116 cells that cocultured with the conditioned macrophages
(stimulated by PBS, Nor-Exos, and EMT-Exos or transfected by
miR-NC and miR-106b mimics) were injected into the mice via tail
vein. Then, mice weight was measured every week. After 6 weeks,
all mice were euthanized. Then, the liver and lung tissues of all
mice were performed with H&E staining to examine the suspicious
metastases sites. All animal procedures were carried out in accor-
dance with the Guide for the Care and Use of Laboratory Animals
with the approval of Wuhan University Institute Animal Care and
Use Committee.

Statistical analysis

All statistical analyses were performed using SPSS 22.0 (SPSS, Chi-
cago, IL, USA), and data were visualized by GraphPad Prism 6.0
(GraphPad Software, USA) for Windows. The differences between
two or more groups were analyzed selectively by Student’s t test or
one-way ANOVA. The associations between miR-106b level in exo-
somes or tumor tissues and clinicopathologic parameters were deter-
mined using the c2 test or Fisher’s exact test. Pearson correlation
analysis was performed to determine the correlation between two var-
iables. All CRC patients were divided into a high- and low-expression
group according to themedian of the miR-106b level, and the Kaplan-
Meier method with log-rank tests was used for survival analysis.
Univariate and multivariate Cox proportional hazards regression an-
alyses were applied to identify the independent factors for affecting
CRC patients’ prognoses. In general, all in vitro experiments were per-
formed at least three times, and data were shown as the mean ± SEM.
In all cases, a two-tailed value of p < 0.05 was considered statistically
significant and was denoted by *p < 0.01, **p < 0.001, and ***p > 0.05
or not significant (n.s.).
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Supplemental Figures and Legends 

 

 

Figure S1. (A-B) The representative bright-field images of HCT116 and HT29 treated by IL-6 for 48 h (magnification, ×200). Western blot and RT-qPCR 

detected the expression of epithelial marker (E-cadherin) and the mesenchymal marker (N-cadherin and vimentin) in HCT116 (C-D) and HT29 cells (E-

F) that treated without or with IL-6 treatment. 



 

 

Figure S2. (A) The original plots and gating criteria for flow cytometry experiments. (B) Schema diagram for the experiment procedures. (C-F) Flow 

cytometry and RT-qPCR analyses of the surface M2 markers (CD163 and CD206) and the expression of M2 markers (Arg-1, CD206, CD163, and IL10) 

after macrophages were co-cultured with Exos-depletion conditional media of HCT116 and HT29 cells.  



 

 

Figure S3. (A-B) RT-qPCR analysis of mature and pri-miR-106b-5p expression in macrophages incubated with PBS, Nor-HT29-Exos, EMT-HT29-Exos 

and EMT HT29-Exos+Annexin V groups. (C) Representative immunofluorescence images show the internalization of PKH67-labeled EMT-HT29-Exos 

(green) by DilC16-labeled macrophages (red). Scale bar, 20 μm. (D) RT-qPCR analysis of miR-106b-5p expression in macrophages incubated with EMT-

HT29-Exos for 3 h, 6 h, 12 h, 24 h, and 48 h. (E) RT-qPCR analysis of miR-106b-5p expression in macrophages incubated with PBS, EMT-HT29/mock-

Exos and EMT-HT29/miR-106b inhibitor-Exos for 48 h. (F) RT-qPCR analyses of miR-106b-5p expression in macrophages incubated with PBS, 

Nor/EMT-Ht29-Exos that treated by RNase A, RNase A+Triton X-100 or RNA POLY II inhibitor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S4. (A) RT-qPCR analysis of miR-106b-5p expression in cells and exosomes of EMT-HT29 transfected by control inhibitor or miR-106b-5p 

inhibitor. (B) Flow cytometry for analyzing the population of CD163highCD206highHLA-DRlow macrophages incubated with EMT-HT29/mock-Exos, 

EMT-HT29/miR-106b inhibitor-Exos and EMT-HT29-Exos+Annexin V groups. (C) RT-qPCR analyses of the macrophage-associated markers in 

macrophages co-cultured with EMT-HT29/mock-Exos, EMT-HT29/miR-106b inhibitor-Exos and EMT-HT29-Exos+Annexin V groups. (d-e) ELISA for 

analyzing the secretion of IL-10 and IL-12 in macrophages incubated with EMT-HT29/mock-Exos, EMT-HT29/miR-106b inhibitor-Exos and EMT-HT29-

Exos+Annexin V groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S5. (A) Relative luciferase activity of reporter plasmids carrying wild-type or mutant PDCD4 3′UTR in macrophages treated with Nor-HT29-Exos 

or EMT-HT29-Exos. (B-C) Western blot and RT-qPCR analysis of the expression of PDCD4 protein and mRNA in macrophages treated with exosomes 

from normal and EMT-HT29 cells that transfected control inhibitor or miR-106b-5p inhibitor for 48 h.  

  



 

 

Figure S6. (A-B) RT-qPCR analysis of the expression of epithelial marker (E-cadherin) and the mesenchymal marker (N-cadherin and vimentin) in 

HCT116 cells that co-cultured with the macrophages treated by EMT-HCT116-Exos or transfected with miR-106b mimics for 48 h. (C-D) RT-qPCR 

analysis of the expression of epithelial marker (E-cadherin) and the mesenchymal marker (N-cadherin and vimentin) in HT29 cells that co-cultured with 

the macrophages treated by EMT-HT29-Exos or transfected with miR-106b mimics for 48 h. 

  



 

 

Figure S7. (A) RT-qPCR analyses of the expression of PDCD4 and CD163 mRNA in implanted tumor tissues that received with indicated treatment. (B) 

Photographs of the dissected tumors in mice that were implanted with HCT116 cells that received with indicated treatment. (C) The growth curves of 

tumors in different treatment groups. (D). Weights of dissected tumors in different treatment groups. (E) RT-qPCR analyses of the expression of E-cadherin 

and vimentin mRNA in implanted tumor tissues that received with indicated treatment. 

  



 

 

Figure S8. (A) The correlation of miR-106b-5p ISH score and PDCD4 IHC score in CRC tissues. (B) The correlation of miR-106b-5p ISH score and 

CD163 IHC score in CRC tissues. (C-D) Kaplan–Meier plots of recurrence-free survival and overall survival of 91 patients with CRC, stratified by 

expression of miR-106b-5p in CRC tissues.  

 



 

Supplemental Tables 

 

Table S1. Relationship between MiR-106b Expression in Tumor Tissues and Clinicopathological Features of 

CRC Patients (n = 91). 

Parameters 
No. of patients  miR-106b expression 

χ2 value P value 
No. %  <median ≥median 

Gender      0.264  0.607  

  Male 53 58.2   25 28   

  Female 38 41.8   20 18   

Age, years      1.323  0.250  

  <60  39 42.9   22 17   

  ≥60 52 57.1   23 29   

Tumor site      2.513  0.113  

  Colon 49 53.8   28 21   

  Rectal 42 46.2   17 25   

Tumor size, cm      1.861  0.173  

  <5 46 50.5   26 20   

  ≥5  45 49.5   19 26   

Tumor grade      3.965  0.046* 

  Moderate/Well 41 45.1   25 16   

  Poor 50 54.9   20 30   

Lymphovascular invasion      5.078  0.079  

  Absence 43 47.3   26 17   

  Presence  39 42.9   14 25   

  Unknown 9 9.8   5 4   

Perineural invasion      4.938  0.085  

  Absence 46 50.5   28 18   

  Presence  38 41.8   14 24   

  Unknown 7 7.7   3 4   

Tumor invasion      5.642  0.018* 

  T1-2 19 20.9   14 5   

  T3-4 72 79.1   31 41   

Lymph node metastasis      15.748  <0.001* 

  N0-1 54 59.3   36 18   

  N2-3 37 40.7   9 28   

TNM stage#   
 

  8.106  0.004* 

  I/II 49 53.8   31 18   

  III 42 46.2   14 28   

CEA, ng/ml      0.346  0.556  

  <5  60 65.9   31 29   

  ≥5 31 34.1   14 17   

Pre-operative CTC status      8.985  0.003* 

  Negative 22 24.2   17 5   

  Positive 69 75.8   28 41   

Overall 91 100.0   45 46 - - 

Notes: *P < 0.05; #The 8th edition of the AJCC Cancer Staging Manual. Abbreviations: TNM, tumor-node-

metastasis; CEA, carcinoembryonic antigen; CTC, circulating tumor cell. 

 

  



 

Table S2. Univariate and Multivariate Cox Analyses of Clinicopathologic Factors for Affecting Recurrence-Free Survival and Overall Survival of CRC Patients (n = 91). 

Parameters 

Recurrence-free survival  Overall survival 

Univariate analysis  Multivariate analysis  Univariate analysis  Multivariate analysis 

HR 95% CI P value  HR  95% CI P value  HR 95% CI P value  HR  95% CI P value 

Gender (Female vs Male) 1.043  0.614-1.771 0.876   - - -  1.012  0.553-1.761 0.905   - - - 

Age (<60 years vs ≥60 years) 1.173  0.694-1.982 0.551   - - -  1.310  0.738-2.234 0.357   - - - 

Tumor site (Colon vs Rectal) 1.373  0.811-2.323 0.238   - - -  1.409  0.792-2.507 0.243   - - - 

Tumor size (<5 cm vs ≥5 cm) 1.232  0.815-1.864 0.323   - - -  1.270  0.808-1.997 0.301   - - - 

Tumor grade (Well vs Moderate vs Poor) 1.392  1.140-3.222 0.036*  1.511  0.827-2.763 0.180   1.713  1.005-2.781 0.029*  1.667  0.834-2.912 0.143  

Lymphovascular invasion (Absence vs Presence) 1.819  1.037-3.194 0.037*  1.716  0.892-3.301 0.106   1.878  1.015-3.472 0.045*  1.628  0.832-3.186 0.155  

Perineural invasion (Absence vs Presence) 1.800  1.042-3.111 0.035*  1.229  0.411-1.248 0.712   1.602  0.885-2.898 0.120   - - - 

Tumor invasion (T1-2 vs T3-4) 1.548  1.069-2.241 0.021*  1.279  0.736-2.221 0.383   1.526  1.016-2.291 0.042*  1.305  0.705-2.416 0.396  

Lymph node metastasis (N0-1 vs N2-3 ) 1.309  1.035-1.654 0.025*  1.314  0.801-2.155 0.279   1.306  1.009-1.690 0.042*  1.538  0.886-2.672 0.126  

TNM stage# (I vs II vs III) 2.109  1.236-3.599 0.001*  6.549  2.118-20.254 0.001*  1.715  1.181-2.494 0.005*  1.724  1.135-2.618 0.011* 

CEA (<5 ng/ml vs ≥5 ng/ml) 1.512  0.886-2.580 0.130   - - -  1.691  0.947-3.021 0.076   - - - 

Pre-operative CTC status (Positive vs Negative) 1.755  1.098-4.913 0.031*  1.324  1.014-3.653 0.045*  3.786  1.173-12.218 0.026*  7.418  2.214-25.901 0.002* 

miR-106b expression (≥ Median vs <Median) 1.747  1.129-2.705 0.006*  2.046  1.059-3.951 0.033*  2.503  1.378-4.549 0.003*  2.265  1.147-4.474 0.019* 

Notes: *P< 0.05; #The 8th edition of the AJCC Cancer Staging Manual. Abbreviations: RFS, recurrence-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; TNM, tumor-node-metastasis; CEA, carcinoembryonic 

antigen; CTC, circulating tumor cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental Methods 

 

Cell Culture and Reagents 

The human monocyte cell line THP-1, human CRC cell lines (HCT116 and HT29) were purchased from 

the Chinese Academy of Sciences in Shanghai. Cells were cultured in RPMI 1640 medium (Gibco, USA) 

with 10% fetal bovine serum (FBS) (Gibco, USA) at 37 °C in a humidified atmosphere with 5% CO2. To 

induce EMT of CRC cells, cells (1×105) were incubated with 100 ng/mL recombinant human IL-6 (R&D 

Systems) for 48 h as our previously described1. To induce differentiation into macrophages, THP-1 cells 

(1×106) were incubated with 100 ng/mL PMA (Sigma-Aldrich, USA) for 24 h. For in vitro ‘educating’ 

treatment of macrophages, cells were cultured for 48 h in medium containing 100 µg/ml exosomes. 

Macrophages and CRC cell lines co-cultivation was conducted using the non-contact co-culture transwell 

system (Corning, USA). Inserts containing THP-1 macrophages were transferred to 6-well plate seeded 

with CRC cells (1×105 cells per well) in advance and co-cultured. After 48 h of co-culture, macrophages 

or CRC cells were harvested for further analyses. PI3K p110γ inhibitor (TG100-115) was purchased from 

Med Chem Express, USA. 

Cellular Internalization of Exosomes  

Purified exosomes were labeled with PKH67 Green Fluorescent mem- brane linker dye (Sigma-Aldrich) 

according to manufacturer's instructions. Then, the labeled exosome pellets were resuspended and added 

to the unstained macrophages for exosomes uptake experiments. After incubation for 30 minutes, 6 h, 12 

h, 24 h, or 48 h at 37℃, cells were  

collected for RNA extraction and RT-qPCR analyses. The macrophages incubated with PKH670-labeled 

exosomes were stained with DiIC16 (Sigma-Aldrich, St. Louis, MO) and DAPI, and then imaged under 

a fluorescence microscope. 

Plasmid Constructs, MiR Inhibitor/Mimic, and Transfection 

Control microRNAs, miR-106b mimic and miR-106b inhibitor were purchased from RiboBio 

(Guangzhou, China). Transfections were performed by Lipofectamine 3000 (Invitrogen, USA) according 

to the manufacturer’s instructions with RNA oligonucleotides at a final concentration of 100 nM. PDCD4 

plasmid vector and negative control were chemically synthesized, constructed, sequenced and identified 

by GeneChem (Shanghai, China). Macrophages were transfected with PDCD4 plasmid vector or 

negative control using LipoFiterTM reagent (Hanbio Biotechnology Co., LTD. Shanghai, China), 

according to the manufacturer’s instructions. In brief, spread the cells in a six-well plate, and perform 

transfection when the cell confluence reaches about 50~70%. First, add 4 ul PDCD4 and the control 

plasmid to 250 ul DMEM and mixed by pipetting. Second, add 10 ul LipoFiterTM reagent to 250 ul 

DMEM, and mixxing well and leaving at room temperature for 5 minutes. Then, the plasmid solution 

and LipoFiter solution were mixed and placed at room temperature for 20 minutes. Finally, add the above 

mixture into a hole of the six-well plate, and mix it evenly. Forty-eight hours after transfection, cells were 

plated for a functional assay or harvested for RNA and protein analyses. 

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) 

Total RNA of cells or tissues was extracted by TRIzol reagent (Invitrogen, USA) according to the 

manufacturer’s protocol. A miRcute Plus miRNA First-Strand cDNA Synthesis Kit (TIANGEN, China) 



 

was used to synthesize miRNA cDNA from total RNA of cells and tissues. Prior to extraction of exosomal 

RNA, a C. elegans miRNA, cel-miR-39 (1 pmol per sample; TIANGEN, China), was spiked into the 

culture medium (350 μL) or exosomes (100 μg) and used as a exogenous reference. During ethanol 

precipitation, Dr. GenTLE Precipitation Carrier (Takara, Japan) was added, according to the 

manufacturer’s instructions, as a co-precipitant to enhance the yield of exosomal RNA. Reverse 

transcription and qRT-PCR were performed as our previously described1. In cell and tissue lysates, 

mRNA levels were normalized against β-actin and miRNA levels were normalized against U6. Moreover, 

the miRNA levels in culture medium and exosomes were normalized against the exogenous reference 

cel-miR-39. The primers of miRNAs were purchased from RiboBio (RiboBio, Guangzhou, China).The 

sequences of primers used for qRT-PCR in this study were listed in Table SEP1.  

Protein Extraction and Western Blot 

Protein extraction and western blot were performed as our previously reported1. In brief, cells were lysed 

using a RIPA buffer, including a protease inhibitor cocktail (Thermo Scientific, USA). The proteins were 

separated by SDS-PAGE gels and transferred to PVDF membranes (Millipore, USA). After blocking 

with 5% non-fat milk,, the membranes were incubated with primary antibodies at 4°C overnight. The 

HRP-conjugated secondary antibodies were used to incubate the membranes for 2 h at room temperature. 

The membranes were washed and incubated for 1h at room temperature with HRP-conjugated secondary 

antibodies. Proteins were detected using a Bio-Rad ChemiDoc XRS+System. Bio-Rad Image Lab 

software was used for densitometric analysis. The following primary antibodies were used: anti-CD9, 

anti-CD63, anti-CD81, anti-TSG101 and anti-Calnexin (1:500; Abcam, UK); anti-PDCD4 (1:1000; 

Abcam, UK); anti-E-cadherin, anti-N-cadherin and anti-Vimentin (1:1000; Proteintech, USA); anti-p-

PI3K, anti-mTOR, anti-p-mTOR, anti-AKT, anti-p-AKT (1:1000; CST, USA); anti-GAPDH and anti-β-

actin (1:5000; Santa Cruz, CA). 

Flow Cytometry and Enzyme-Linked Immunosorbent Assay (ELISA) 

Flow cytometry analysis of macrophages were performed as our previously reported1. The following 

antibodies were used: anti-CD163-PE, anti-CD206-APC, anti-HLA-DR-FITC, anti-CD86-APC-Cy7 

(BD Biosciences, USA). Cell culture medium was collected 48 h after the indicated treatment, and the 

secretion level of IL-10 and IL-12 was quantified by using ELISA kit (Bio-Swamp, USA) as our 

previously described1. 

Luciferase Reporter Assay 

The reporter genes containing pGL3-PDCD4-3′UTR-wildtype (Bio-Asia, China) and pGL3-PDCD4-

3′UTR-mut (Bio-Asia) were synthesized. THP-1-derived macrophages were co-transfected with 

luciferase reporters and miR-106b mimic using Lipofectamine 3000 (Invitrogen, USA). Two days after 

transfection, the reporter gene activities were measured by a dual luciferase reporter assay kit (Promega, 

USA) according to the manufacturer’s instructions. 

RNA immunoprecipitation (RIP) assay  

RIP was performed using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, MA, 

USA) according to the manufacturer’s protocol. In brief, cells were collected (at 80-90% confluency) 

and lysed in complete RIPA buffer containing a protease inhibitor cocktail and RNase inhibitor for each 

group. The expression of AGO2 protein was measured by western blot, and then the supernatant was 



 

immunoprecipi- tated with antibody to AGO2 with protein A/G magnetic beads at 4 °C overnight. 

Magnetic bead-bound complexes with AGO2 were immobilized, and unbound material was washed off 

six times; after digesting proteins with Proteinase-K. Then, the purified RNA was finally suffered qRT-

PCR analysis to demonstrate the presence of the binding targets. 

Transwell Migration and Invasion Assay 

Transwell chambers (8 μm pore size; Corning, USA) with or without Matrigel (Corning, USA) were used 

to determine the migration and invasion ability of CRC cells. The detailed steps of Transwell migration 

and invasion assay were performed according to our previously described1. In brief, 2x105 cells were 

suspended in 500 µl RPMI 1640 containing 1% FBS and added to the upper chamber, while 750 µl RPMI 

1640 containing 10% FBS was placed in the lower chamber. After 48 h of incubation, Matrigel and the 

cells remaining in the upper chamber were removed using cotton swabs. Cells on the lower surface of 

the membrane were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. Cells in 5 

microscopic fields were counted and photographed. All experiments were performed in triplicate. 

Immunohistochemistry (IHC) and In Situ Hybridization (ISH) 

Tumor samples from CRC patients and xenograft models were used for the preparation of sections. The 

IHC staining was performed according to the method described in our previous studies1, 2, Anti-PDCD4 

(1:100; Sigma-Aldrich, USA), Anti-CD163 (1:50; Abcam, USA), Anti-E-cadherin and Anti-Vimentin 

(1:200; Proteintech, USA) were used for IHC staining. For ISH, hsa-miR-106b-5p miRCURY LNA 

detection probe (Exiqon, Denmark) and hematoxylin (Sigma-Aldrich, USA) was used, and the detail 

staining procedures were performed according to manufacturer’s protocols. Images were captured with 

Aperio Scan-Scope AT Turbo (Aperio, USA) and assessed with image-scop software (Media Cybernetics, 

Inc.). The expression score of IHC and ISH staining was judged according to the staining intensity and 

the percentage of positive cells. Staining intensity: 0 point (negative), 1 point (weak positive, light 

yellow), 2 point (medium intensity, yellow) and 3 point (strong positive, brown or brown); percentage of 

positive cells: 0 point (≤5%), 1 point (6~25%), 2 point (26~50%), 3 point (51~75%) and 4 point (≥76%). 

The final score was defined as the product of the above two scores. 

CTC Isolation and Identification 

CTC was isolated and identified from blood samples by using the CTCBIOPSY® device (Wuhan YZY 

Medical Science and Technology Co., Ltd., Wuhan, China) combined with immunofluorescence staining, 

as our previously described1-4. In brief, blood sample was diluted up to 8 ml with 0.9% physiological 

saline containing 0.2% paraformaldehyde and left for 10 minutes at room temperature, then transferred 

to ISET tubes with an 8 μm diameter aperture membrane. After filtered by positive pressure from 12 

mmHg to 20 mmHg, candidate CTC was adhered to the membrane and were identified by three-color 

immunofluorescence staining. The following primary antibodies were used: FITC-CK (1:100; Abcam, 

USA), PE-CD45 (1:100; Santa, USA). Nuclei was stained with Hoechst 33342 (1:500; Sigma, 

USA).Finally, CTC was imaged and enumerated by using a fluorescence microscopy (IX81; Olympus, 

Tokyo, Japan). 

 

Table SEP1. The sequences of primers used for qRT-PCR in this study. 

Gene name Primer Sequence (5′ to 3′) 

Arginase 1 Forward  TGGACAGACTAGGAATTGGCA 



 

Reverse  CCAGTCCGTCAACATCAAAACT 

CD163 
Forward  TTTGTCAACTTGAGTCCCTTCAC 

Reverse  TCCCGCTACACTTGTTTTCAC 

CD206 
Forward GGGTTGCTATCACTCTCTATGC 

Reverse TTTCTTGTCTGTTGCCGTAGTT 

IL-10 
Forward TTAAGGGTTACCTGGGTTGC 

Reverse CTGGGTCTTGGTTCTCAGCTT 

IL-12 
Forward CCTTGCACTTCTGAAGAGATTGA 

Reverse ACAGGGCCATCATAAAAGAGGT 

IL-1β 
Forward TGAACTGAAAGCTCTCCACC 

Reverse CTGATGTACCAGTTGGGGAA 

HLA-DR 
Forward TCTGGCGGCTTGAAGAATTTG 

Reverse GGTGATCGGAGTATAGTTGGAGC 

E-cadherin 
Forward ATTTTTCCCTCGACACCCGAT 

Reverse TCCCAGGCGTAGACCAAGA 

Vimentin 
Forward AGTCCACTGAGTACCGGAGAC 

Reverse CATTTCACGCATCTGGCGTTC 

N-cadherin 
Forward GCGCGTGAAGGTTTGCCAGTG 

Reverse CCGGCGTTTCATCCATACCACAA 

PDCD4 
Forward GCAGAAAATGCTGGGACTGAG 

Reverse TGTACCCCAGACACCTTTGC 

GAPDH 
Forward GCACCACCAACTGCTTAGCA 

Reverse GTCTTCTGGGTGGCAGTGATG 

U6 
Forward CTCGCTTCGGCAGCACA 

Reverse AACGCTTCACGAATTTGCGT 
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