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Abstract

Background Angiogenesis is one of the important factors related to tumorigenesis, invasion, and metastasis. Cancer-
secreted exosomes are essential mediators of intercellular cross-talk and participate in angiogenesis and metastasis.
Unveiling the mechanism of angiogenesis is an important way to develop anti-angiogenesis therapeutic strategies

to against cancer progression.

Methods miR-1825 expression and relationship with microvascular density were validated in colorectal cancer
(CRQ) by in situ hybridization (ISH) staining and immunohistochemistry (IHC). Sequential differential centrifugation,
transmission electron microscopy, and western blotting analysis were used to extract and characterize exosomes. The
effort of exosomal miR-1825 on endothelial cells was examined by transwell assay, wound healing assay, tube forma-
tion assay, and aortic ring assay. The relationship of miR-1825, ING1 and the downstream pathway were analyzed

by western blot, RT-PCR, Immunofluorescence, and dual-luciferase reporter system analysis.

Results Exosomal miR-1825 is associated with angiogenesis in CRC and is enriched in exosomes extracted

from the serum of CRC patients. The CRC-secreted exosomal miR-1825 can be transferred into vascular endothelial
cells, promoting endothelial cell migration and tube formation in vitro, and facilitating angiogenesis and tumor
metastasis in vivo. Mechanistically, exosomal miR-1825 regulates angiogenesis and tumor metastasis by suppressing
inhibitor of growth family member 1 (ING1) and activating the TGF-3/Smad2/Smad3 signaling pathway in the recipi-
ent HUVECs.

Conclusions Our study demonstrated the CRC-secreted exosomal miR-1825 could be transferred to vascular
endothelial cells, subsequently leads to the inhibition of ING1 and the activation of the TGF-3/Smad2/Smad3 signal-
ing pathway, thereby promoting angiogenesis and liver metastasis in CRC. Exosomal miR-1825 is thus a potential
diagnostic and therapeutic target for CRC patients.
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Introduction

Colorectal cancer (CRC) ranks as the third most com-
mon type of cancer worldwide, and liver metastasis
serves as the key factor driving tumor progression [1].
Liver metastases exhibit a significant level of angiogen-
esis and abnormal blood vessel formation [2, 3]. In recent
decades, anti-angiogenic therapy has been suggested for
the treatment of metastatic CRC [4]. However, a limited
range of efficacy markers is available to identify patients
who are prone to positively respond to anti-angiogenic
therapy [5].

Extracellular vesicles (EVs) known as exosomes rang-
ing from 30 to 150 nm in size, are abundant in proteins,
miRNAs, and DNA. Increasing evidence has revealed
that cancer cell-secreted exosomes play a pivotal role in
tumor progression, tumor immunity, resistance to chem-
otherapy, and angiogenesis [6, 7]. Recently, it has been
reported that miRNAs serve as vital mediators of the
cancer-stroma crosstalk [8, 9]. Cancer-secreted exosomal
miRNAs have the potential to be transferred to normal
host cells, thereby regulating target genes and mediat-
ing the progression of various tumors [10, 11]. Moreover,
exosomes derived from the serum of cancer patients have
been validated to be reliable diagnostic markers, with
miRNAs within exosomes demonstrating greater stabil-
ity than free miRNAs in serum [12-15]. Previous studies
have found that miR-1825 was upregulated and related
to poor prognoses in hepatocellular carcinoma [16],
prostate cancer [17], and CRC [18]. But it wasn’t known
whether miR-1825 existed in exosomes or not in CRC.
Through bioinformatics analysis, we identified that miR-
1825 was significantly elevated in the serum exosome of
CRC patients. Nevertheless, the function and mechanism
of exosome miR-1825 in CRC remain unclear.

In this study, we demonstrated that miR-1825 was
associated with CRC angiogenesis. Based on a series of
in vitro and in vivo experiments, CRC-secreted exosomal
miR-1825 stimulates vascular endothelial cell prolifera-
tion by targeting ING1 and activating the TGF-3/Smad2/
Smad3 signaling pathway, thereby promoting angiogen-
esis. Therefore, our data suggest that exosomal miR-1825
may be a promising therapeutic target for colorectal can-
cer angiogenesis.

Results

MiR-1825 expression positively correlates

with microvascular density in CRC

To screen potentially high levels of circulating exoso-
mal miRNAs in CRC, we analyzed miRNA data from
the GSE39833 database, profiled from serum exosomes
in healthy controls and CRC patients by array. Within
the database, miR-1825 and miR-654-5p were mark-
edly upregulated in CRC patients, which had not been
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reported previously (Fig. 1A and Figure. S1A-C). We
then performed RT-PCR analysis in 10 cases of CRC, and
the result identified that miR-1825, but not miR-654-5p,
was significantly upregulated (Fig. 1B and Figure. S1D).
Compared to the low expression of miR-1825 in normal
colorectal tissues, in situ hybridization (ISH) staining in
50 cases of CRC revealed that miR-1825 was significantly
high expression in CRC tissues (Fig. 1D). Moreover,
miR-1825 expression was also higher in cancer-adjacent
vessels than normal mucosa-adjacent vessels, and the
expression of miR-1825 in CRC cells positively correlated
with an increase in peritumoral microvascular density
(MVD) (Fig. 1C, E). These in vivo data showed that miR-
1825 was upregulated in CRC patients and suggested a
positive relationship with CRC angiogenesis.

CRC-secreted miR-1825 could transfer to endothelial cells
via exosomes

Based on the positive correlation between miR-1825
expression and MVD in clinical samples, we speculated
whether miR-1825 could transfer from CRC cells to
endothelial cells via exosomes and stimulate the increase
of MVD. Using transmission electron microscopy (TEM),
we identified exosomes extracted from CRC cells as cup-
shaped double-sided structures (30 to 150 nm) (Fig. 2A).
These extracts then were proven to be exosome, after
exosome markers, CD63 and TSG101, were detected by
western bolt (Fig. 2B). To further investigate the func-
tion of exosomal miR-1825, the endogenous expression
of miR-1825 was analyzed in four CRC cell lines and
HUVECs. RT-PCR results showed that miR-1825 was
upregulated in CRC cell lines compared with HUVECs.
And the expression of miR-1825 in exosomes was con-
sistent with the expression in CRC cells (Fig. 2C). Moreo-
ver, overexpression or knockdown of miR-1825 in CRC
cells resulted in the upregulation or downregulation of
exosomal miR-1825 respectively (Fig. 2D). These in vitro
experiments supported our hypothesis that miR-1825
was increased in CRC and could be secreted as exosomal
miR-1825.

To confirm whether CRC-secreted miR-1825 could be
transferred to HUVECs via exosomes, PKH67-labeled
exosomes were co-cultured for 48h with HUVECs. In
miR-1825 overexpression exosome groups, PKH67 dye
entered the incubated HUVECsS, but in the control exo-
some groups, PKH67 dye had not or few entered the
incubated HUVEC:s. It indicated that the miR-1825 was
specifically delivered into HUVECs (Fig. 2E). In addi-
tion, RT-PCR results showed that miR-1825 expression
in HUVECs was time-dependently and dosage-depend-
ently increasing as co-cultured with exosomal miR-1825,
but no changed in the control cells (Fig. 2F, G). Taken
together, these results suggested that CRC-secreted
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Fig. 1 miR-1825 expression positively correlates with microvascular density in CRC. A Relative RNA level of miR-1825 in circulating exosomes
from 11 healthy donor or 88 CRC patients in GSE39833 dataset, **P < 0.01, two-tailed Student’s t-test. B Relative RNA level of miR-1825 in 10 CRC
tissues and paired adjacent normal tissues, as determined by RT-PCR. Relative expression levels were normalized to U6. C Staining of miR-1825
and CD34 in serial sections of CRC specimens. Representative cases with normal tissue and CRC tissue of miR-1825 that were correspondingly
stained CD34 are shown (magnification 400 X). The vessels are indicated by red arrows. Scale bars, 20 um. D ISH scores of miR-1825 were analyzed
in 50 normal colorectal mucosa and paired CRC tissues. E The correlation between miR-1825 expression and microvascular density was statistically

analysed by Pearson correlation coefficient
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miR-1825 could be transferred to HUVECs through
exosomes.

CRC-secreted exosomal miR-1825 promotes angiogenesis
in vitro and in vivo

To investigate the impact of exosomal miR-1825 on
endothelial cells, the migration and angiogenesis of
HUVECs were examined by transwell assay, wound heal-
ing assay, tube formation assay, and aortic ring assay.
Transwell assay and wound healing assay showed that
co-cultured with RKO.miR-1825m-exo significantly pro-
moted migration of HUVECs. In contrast, co-cultured
with HCT116.miR-1825i-exo dramatically inhibited
the migration of HUVECs (Fig. 3A-D). Tube formation
assays and aortic ring assays were then performed to
determine whether exosomal miR-1825 regulates angio-
genesis. Compared to the control groups, co-culture with
RKO.miR-1825m-exo markedly promoted angiogenesis;
co-culture with HCT116.miR-1825i-exo significantly
inhibited angiogenesis (Fig. 3E-H). These results sug-
gested that exosomal miR-1825 significantly promoted
angiogenesis in vitro.

The intrasplenic injection model, also known as the
hepatic metastasis model, allows for reproducible and
controllable induction of liver metastasis in mice, ena-
bling the study of the metastatic microenvironment. To
further investigate whether exosomal miR-1825 could
regulate angiogenesis in vivo, we first established an
intrasplenic injection CRC model and subsequently
injected exosomes intraperitoneally weekly to assess the
function of exosomal miR-1825 (Fig. 3I). We found that
the administration of exosomal miR-1825 significantly
promoted tumor metastasis. The liver metastatic nodules
were significantly increased in the RKO.miR-1825m-exo
group compared to the RKO.NCm-exo group. On the
contrary, fewer liver metastatic nodules occurred in the
HCT116.miR-1825i-exo group (Fig. 3], L). Consistently,
the MVD was higher in the RKO.miR-1825m-exo group
than that in NCm-exo group. Compared with the con-
trol, HCT116.miR-1825i-exo treatment markedly inhib-
ited angiogenesis in vivo (Fig. 3K, M). Collectively, these
results indicated that CRC-secreted exosomal miR-1825

(See figure on next page.)
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dramatically increased blood vessel formation and pro-
moted tumor metastasis.

MiR-1825 targets ING1 in HUVECs

To explore how miR-1825 regulates CRC tumor angio-
genesis, three miRNA databases (Targetscan, miRWalk,
and miRDIP) were utilized to predict the target inter-
action genes of miR-1825. And screened out that ING1
was the target gene of miR-1825 among the three data-
bases (Figure. S3A). As the members of the ING (inhibi-
tor of growth) family, ING3 and ING4 were reported as
the negative regulator of angiogenesis [19, 20]. To ana-
lyze if miR-1825 promoted angiogenesis was related to
ING]1, the miR-1825 binding site in the 3" UTR of ING1
(wild type) or the mutated sequence (mutant type) was
cloned into luciferase reporter plasmids (Fig. 4A) and
expressed in HUVECs to assessed their response to
miR-1825. It showed that miR-1825 significantly sup-
pressed the luciferase activity of ING1 3'UTR in the
ING1-WT group, but hadn't affected in the ING1-MUT
group (Fig. 4B). Moreover, overexpression of miR-1825
suppressed the expression of ING1; but knocking down
miR-1825 resulted in upregulation of ING1 in HUVECs
(Fig. 4C-E and Figure. S3B). Then the ING1 expression
level in HUVECs was assessed with the incubation of
CRC-secreted exosomes (RKO.miR-1825m-exo). The IF
and western blot results demonstrated that the expres-
sion of ING1 was decreased by RKO.miR-1825m-exo,
but not RKO.NCm-exo. In contrast, HCT116.miR-1825i-
exo dramatically increased the expression levels of ING1,
indicating that ING1 in HUVECs can be mediated by
exosomal miR-1825 derived from CRC cells (Fig. 4F, G).
In addition, DIANA TOOLS analysis showed that high
miR-1825 expression was associated with the TGF-$
signaling pathway (Figure. S3C). It has been reported
that activation of the TGF-B/Smad2/3 signaling path-
way enhanced tumor angiogenesis [21]. The Western
blot analysis revealed that incubation with RKO.miR-
1825m-exo markedly increased the expressions of TGE-
B, p-Smad2 and p-Smad3 in HUVECs, while incubated
with HCT116.miR-1825i-exo had the opposite effect
(Fig. 4G). In addition, the expressions of TGF-f3, p-Smad2
and p-Smad3 were increased in RKO.miR-1825m-exo

Fig. 2 CRC-secreted miR-1825 is transferred to endothelial cells via exosomes. A Transmission electron microscopy of exosomes derived from RKO
and HCT116. Scale bars, 100 nm. B The exosome-specific markers TSG101 and CD63 of CRC-secreted exosomes were detected by western blot. C
RT-PCR analyzes basic expression of miR-1825 in HUVECs, CRC cell lines and paired exosomes. D RT-PCR analyzes relative expression of miR-1825
in indicated cell lines and paired exosomes. E HUVECs pre-treated with PKH67-labeled exosomes derived from the indicated cell lines were
stained with phalloidin (red) and DAPI (blue) for confocal microscopy analysis. Scale bars, 20 um. F RT-PCR analyzes relative expression of miR-1825
in HUVECs incubated with exosomes derived from RKO.NCm and RKO.miR-1825m for 5 ug, 10 ug, and 15 ug. G RT-PCR analyzes relative expression
of miR-1825 in HUVECs incubated with exosomes derived from RKO.NCm and RKO.miR-1825m for 3 h, 6 h, 24 h, 36 h, and 48 h. *P < 0.05, **P < 0.01,

***p < 0.001, means +SD, two-tailed Student’s t-test
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incubation groups, while these changes were significantly
suppressed by overexpressing of ING1 (Fig. 4H). These
results indicated that miR-1825 could activate the TGE-f
signaling pathway via targeting ING1.

Exosomal miR-1825 promotes angiogenesis by regulating
ING1

Rescue experiments were performed to investigate
whether exosomal miR-1825 promoted angiogenesis
by downregulating ING1. Transwell and wound heal-
ing assays showed that exosomal miR-1825 significantly
promoted the migration of HUVECs in vitro, whereas
restoration of ING1 expression abrogated these effects
(Fig. 5A-D). Furthermore, ING1 overexpression abol-
ished the exosomal miR-1825-induced angiogenesis
(Fig. 5E—H). The relationship of miR-1825 with ING1 was
further verified in vivo. It demonstrated that miR-1825
could negatively regulate ING1 expression in portal vein
endothelial cells (Fig. 51, J). These results indicated that
CRC-secreted exosomal miR-1825 induces liver angio-
genesis through targeting ING1.

Discussion

Exosomal miRNAs play a crucial role in mediating
intercellular crosstalk, which regulate tumor immunity,
invasion, and metastasis [10]. For example, exosomal
miR-142-5p remodels lymphatic vessels and induces IDO
to promote immune privilege in advanced cervical squa-
mous cell carcinoma [9]. Besides, CRC-derived exosomal
miR-934 is capable of inducing macrophage M2 polari-
zation by downregulating PTEN expression, thereby
promoting liver metastasis [22]. Recently, circulating
exosome miRNAs have been recognized as novel non-
invasive biomarkers for cancer diagnosis and prognostic
evaluation. Collectively, these studies indicate that exoso-
mal miRNAs play an important role in regulating cancer
progression. In the GSE39833 cohort, we found that cir-
culating exosomal miR-1825 levels were higher in CRC
patients than in healthy donors.

Excessive angiogenesis in malignancy refers to the
sprouting of new blood vessels from the vascular net-
work formed by tumors. This process plays a crucial role
in tumor proliferation, metastasis, and chemoresistance

(See figure on next page.)
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[23, 24]. Currently, angiogenesis has proven to be a prog-
nostic indicator of the tumor and an effective therapeu-
tic target for CRC [25, 26]. However, the effectiveness of
numerous angiogenesis inhibitors needs improvement,
primarily due to incomplete understanding of tumor
angiogenesis. Consequently, the investigation of potential
angiogenesis factors involved in tumor angiogenesis is
essential, as it could serve as a new diagnostic and thera-
peutic target for CRC metastasis. In this study, we found
that miR-1825 was significantly upregulated in CRC
specimens and serum. Pruseth et al. [18] also observed
a similar phenomenon. Correspondingly, miR-1825
expression was positively correlated with the increase in
MVD. In addition, exosomal miR-1825 has the ability to
be transferred to endothelial cells, inducing angiogenesis,
and consequently promoting CRC metastasis. This sug-
gests that exosomal miR-1825 may be a potential angio-
genesis factor in tumor angiogenesis.

Previous studies have found that miR-1825 is
involved in amyotrophic lateral sclerosis [27], cardiac
regeneration [28], and cancer progression. However,
the role of miR-1825 in tumorigenesis and tumor angi-
ogenesis has not been reported. Interestingly, Our ISH
and IHC results showed the level of miR-1825 in CRC
cells was positively correlated with the level of miR-
1825 in adjacent endothelial cells. Based on this, we
proposed that exosomal miR-1825 could be transferred
from CRC cells to endothelial cells. Consistently, we
observed PKH67 fluorescence in HUVECs incubated
with PKH67-labeled exosomes from CRC. Tumor
angiogenesis exhibits distinct structural and functional
characteristics compared to normal vasculature. It is
characterized by structural disorder, tortuosity, une-
ven thickness, and excessive branching. These features
could promote tumor metastasis [29]. CRC-induced
angiogenesis plays a pivotal role in liver metastasis [2,
3]. In our study, the migration and tube formation abil-
ities of endothelial cells were significantly enhanced
after treatment with CRC-derived exosomal miR-1825.
Furthermore, in vivo assays demonstrated that CRC-
secreted exosomal miR-1825 dramatically increased
blood vessel formation and promoted liver metasta-
sis. These results indicated that exosomal miR-1825

Fig. 3 CRC-secreted exosomal miR-1825 promotes angiogenesis in vitro and in vivo. A, B Transwell assays analyze the migration of co-cultured
HUVECs in each group. Scale bars, 100 um. C, D Wound healing assays analyze the migration of co-cultured HUVECs in each group. Scale bars, 100
pm. E, F Tube formation assays analyze the angiogenesis of co-cultured HUVECs in each group. Scale bars, 50 um. G, H Aortic ring assays analyze
the angiogenesis of co-cultured HUVECs in each group. Scale bars, 200 um. | Schematic diagram of hepatic metastasis experiments in nude mice.

J, L Gross and H&E staining observe the liver metastasis in each group. The liver metastasis nodules are indicated by red arrows. Means+SD are
provided (n=5). The scale bar at 100 x magnification represents 50 um. The scale bar at 400 x magnification represents 20 um. K, M IHC staining

for CD34 quantitatively assesses for angiogenesis in each group. Scale bars, 20 um. *P<0.05, **P < 0.01, ***P<0.001, means + SD, two-tailed Student’s

t-test
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promotes CRC-induced angiogenesis and contributes
to CRC metastasis.

The inhibitor of growth (ING) family members
(ING1-5), as tumor suppressors, are crucial regulators
of cell growth and proliferation, cell cycle checkpoints,
apoptosis, and cellular senescence [30]. Overexpres-
sion of the nuclear localization sequence KKFK of
ING3 inhibits angiogenesis of melanoma cells [20].
ING4 is considered an angiogenesis suppressor in a
variety of solid tumors. ING4 can physically inter-
act with the p65 (RelA) to regulate the expression of
the angiogenesis-related gene IL-8, thereby inhibiting
brain tumor angiogenesis [19]. In addition, JFK-medi-
ated ING4 ubiquitination and degradation lead to the
hyperactivation of the NF-kB pathway, which leads
to angiogenesis and metastasis in breast cancer [31].
ING1 has been reported to function as a tumor sup-
pressor in breast cancer [32], lung cancer [33], colo-
rectal cancer [34], and gastric cancer [35]. The loss
of ING1 is also associated with the tumorigenesis of
B-cell lymphoma and soft tissue sarcoma [36]. Using
three miRNA databases, ING1 was screened as a pos-
sible target gene of miR-1825 to regulate angiogen-
esis. In this study, our data identified that miR-1825
in endothelial cells downregulates ING1 and ING1
as a direct target of miR-1825. Moreover, exosomal
miR-1825 from CRC cells promoted angiogenesis and
tumor metastasis by silencing ING1. In addition, bio-
informatics analysis revealed a noteworthy connec-
tion between miR-1825 and TGF-B/Smad2/3 signaling
pathway. And previous studies have noted the pro-
angiogenic properties of the TGF-B/Smad2/Smad3
pathway in vascular endothelial cells [37, 38]. In our
study, we found that HUVECs treated with high miR-
1825 level exosomes activated the TGF-B/Smad2/
Smad3 signaling pathway. In contrast, restoration of
ING1 expression in exosomes-treated HUVECs abol-
ished these effects. Collectively, these results validated
that exosomal miR-1825 induces CRC angiogenesis
by targeting ING1 to activate TGF-B/Smad2/Smad3
(Fig. 6).

(See figure on next page.)

Page 8 of 14

Conclusion

In summary, our study demonstrated the important role
of exosomal miR-1825 in regulating CRC angiogenesis.
We found that miR-1825 was highly expressed in para-
cancerous blood vessels and positively correlated with
MVD. The CRC-secreted exosomal miR-1825 could be
transferred to vascular endothelial cells, subsequently
inhibiting ING1 and activating the TGF-p/Smad2/Smad3
signaling pathway, thereby promoting angiogenesis and
liver metastasis of CRC (Fig. 6). This new finding iden-
tified the intercellular miR-1825-ING1 axis as a key
molecular mechanism of CRC progression and may serve
as a potential diagnostic and therapeutic target for CRC
patients.

Materials and methods

Clinical specimens

50 Paraffin-embedded CRC specimens and 10 fresh
CRC tissues were collected from patients who under-
went surgical treatment without prior radiotherapy and
chemotherapy in the Third Affiliated Hospital of South-
ern Medical University. The study received approval by
the Ethical Committee of the Third Affiliated Hospital
of Southern Medical University (ID number 2021-038).
Informed consent was obtained from each patient prior
to sample collection.

Cell culture

Human CRC cell lines HCT116, LOVO, RKO and HT?29,
and human umbilical vein endothelial cells (HUVECS)
were purchased from the American Type Culture Collec-
tion (ATCC). HCT116, LOVO, RKO and HT29 were cul-
tured in PPMI-1640 medium containing 10% fetal bovine
serum (Thermo Scientific, Waltham, MA, United States).
HUVECs was cultured in F12-K medium supplemented
with 10% fetal bovine serum.

Exosomes isolation, characterization, and treatment

The fetal bovine serum underwent overnight centrifuga-
tion at 120,000 g at 4 °C to remove exosomes. CRC cells
were cultured in PPMI-1640 medium supplemented with
10% fetal bovine serum, and supernatants were collected
after 48 h. Exosomes were isolated from CRC-derived

Fig. 4 ING1 is a functional target of miR-1825 in HUVECs. A The binding regions of miR-1825, the seed recognizing sites in the ING1 3" UTR,

and the ING1 mutant sequence are shown. B Luciferase activities of 3'UTR ING1-luc constructs in HUVECs after transfection with miR-1825 mimics.
Means+SD are provided (n=3). *P<0.05, means + SD, two-tailed Student’s t-test. C, D HUVECs are transfected with mimics-NC, miR-1825 mimics,
inhibitor-NC, and miR-1825 inhibitor. RT-PCR analyzes relative expression of miR-1825 and ING1 in indicated cell lines. **P <0.01, ***P <0.001,
means+ SD, two-tailed Student’s t-test. E Western blot analysis of ING1 protein in indicated cell lines. F Immunofluorescence staining analysis

of ING1 in co-cultured HUVECs in each group. Scale bars, 10 um. G Western blot analysis of ING1, TGF-3, p-Smad2, Smad?2, p-Smad3 and Smad3
protein in co-cultured HUVECs in each group. H Western blot analysis of ING1, TGF-B, p-Smad2, Smad2, p-Smad3 and Smad3 protein in indicated

cell lines
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supernatant through ultracentrifugation at 4 °C. First,
the supernatant underwent centrifugation at 500 g for
10 min to remove cells and cell debris; then, it was cen-
trifuged at 16,800 g for 30 min. The supernatant was then
filtered with a 0.22 um filter (Millipore) and ultracentri-
fuged at 110,000 g for 70 min. Finally, the exosome pellets
were washed with PBS followed by a second ultracentrif-
ugation at 110,000 g for 70 min and then resuspended in
PBS.

For transmission electron microscopy, exosomes were
fixed with 2% glutaraldehyde and placed on the cop-
per carrier grids. The grids were then stained using 2%
phosphotungstic acid and visualised by transmission
electron microscopy (Hitachi H-7650). For the exosome
uptake experiment, exosomes were labeled using PKH67
membrane dye (Sigma) according to the manufacturer’s
instructions. After incubation with labeled exosomes for
48 h, HUVECs were stained with phalloidin (Abcam).
For in vitro treatment, 10 ug of exosomes were incubated
with 1x10° HUVECs for 48 h.

Cell transfection

Lentivirus vectors expressing miR-1825 and repress-
ing miR-1825 were constructed and generated by
Genechem (Shanghai, China). Mimics and Inhibitor of
miR-1825 were purchased from Kidan Biosciences co.
The 3' UTR wild-type or mutated ING1-luc plasmid and
ING1 expressing plasmid were constructed and gener-
ated by Genechem (Shanghai, China). The sequences
of all indicated lentivirus were listed in supplementary
Table 1.

In situ hybridization (ISH) and Immunohistochemistry (IHC)
The miR-1825 detection probe was purchased from
Kidan Biosciences co. ISH was performed in tissue sec-
tions using ISH kit (Boster Co, Wuhan, China) by fol-
lowing the manufacturer’s instructions. ISH assay was
performed under RNase-free conditions.
Paraffin-embedded tissues were dewaxed from xylene,
rehydrated in a graded ethanol series to water. Then, sec-
tions were immersed in 3% hydrogen peroxide for 10
min and incubated with primary antibody CD34 (1:200
dilution, Abcam) overnight at 4 °C. Subsequently, cor-
responding secondary antibodies were applied and

(See figure on next page.)
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incubated for 1 h at room temperature. Targeted mole-
cules were visualized by using DAB and counterstained
with hematoxylin. These results were scored as previ-
ously described as the total of the staining intensity and
percentage of positive tumor cells [39].

Immunofluorescence

Immunofluorescence of cells was performed according
to the previous study [40]. Immunofluorescence images
were captured by confocal microscopy (Zeiss LSM 900).
The following primary antibodies were used: ING1 (1:150
dilution, R&D Systems).

Quantitative reverse transcription PCR (RT-PCR)

Total RNA was extracted from tissues, cells lines and
exosomes by using Trizol (TAKARA, Dalian, China)
according to the manufacturer’s instructions. Reverse
transcription was performed using the Mir-X" miRNA
First-Strand Synthesis Kit (TaKaRa) for miRNAs or
PrimeScript"” RT Master Mix (TaKaRa) for genes. RT-
PCR was conducted using SYBR Green PCR Master Mix
(TaKaRa) and performed on Applied Biosystems 7500
Sequence Detection system (Applied Biosystems). The
sequences of all indicated primers were listed in supple-
mentary Table 2.

Western blotting

Cells or exosomes were lysed in RIPA buffer and
quantified using Bradford Protein Assay (KeyGEN
BioTECH, China). Subsequently, the lysates were sub-
jected to SDS—PAGE, transferred onto the PVDF mem-
branes (Millipore). Then membranes were blocked with
5% BSA in PBST buffer and incubated with primary
antibodies overnight at 4 °C. The following primary
antibodies were used: CD63 (1:1000 dilution, ABclonal,
Cat# A5271), TSG101 (1:1000 dilution, Immunoway,
Cat# YT4760), ING1 (1:1000 dilution, ABclonal, Cat#
A7904), TGE-p (1:1000 dilution, Affinity, Cat# AF1027),
Smad2 (1:1000 dilution, Cell Signaling Technology,
Cat# 5339), p-Smad2 (1:1000 dilution, Cell Signal-
ing Technology, Cat# 18338), Smad3 (1:1000 dilu-
tion, Cell Signaling Technology, Cat# 9513), p-Smad3
(1:1000 dilution, Cell Signaling Technology, Cat# 9520),
GAPDH (1:2000, Proteintech, Cat# 10494-1-AP).

Fig.5 Exosomal miR-1825 promotes angiogenesis by regulating ING1. HUVECs pre-treated with exosomes derived from RKO.miR-1825m were
transfected with ING1 plasmid. A, B Transwell assays analyze the migration of indicated cell lines. Scale bars, 100 um. C, D Wound healing assays
analyze the migration of indicated cell lines. Scale bars, 100 pm. E, F Tube formation assays analyze the angiogenesis of indicated cell lines.
Scale bars, 50 um. G, H Aortic ring assays analyze the angiogenesis of indicated cell lines. Scale bars, 200 um. **P<0.01, ***P<0.001, means +SD,
two-tailed Student’s t-test. I, J Immunofluorescence staining analysis of ING1 expression (red) in hepatic vessels in each group. The vascular

structures were labeled by CD34 (green). Scale bars, 20 um
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Fig. 6 Schematic diagram showing the mechanism whereby CRC-secreted miR-1825 promotes angiogenesis by downregulating ING1

and activating the TGF-3/Smad2/Smad3 signaling pathway

Finally, the membranes were incubated with secondary
antibody and developed with ECL substrate and imaged
using the enhanced chemiluminescence detection sys-
tem (Tennon5200, China).

Migration assay and wound healing assay

For transwell migration assay, cell suspensions (1 x 10°
cells of the exosomes-treated HUVECs) were diluted
into 200 pl of serum-free medium and added to the
upper transwell chambers (BD Biosciences, CA, USA)
and the medium containing 10% FBS was placed into
the bottom chamber. After 12 h, migrated cells on the
undersides of the membranes were stained with crystal
violet and counted in five fields (100 x) for further sta-
tistical analysis.

For wound healing assays, the exosomes-treated
HUVECs were seeded into 12-well plates and scratched
with a pipette tip after 24 h. Images were observed at
the indicated times, and wound width at 36 h relative
to 0 h was evaluated to assess wound healing. Experi-
ments were repeated three times.

Tube formation assay and aortic ring assay

For tube formation assay, matrigel matrix (Corning) was
placed in p-SlideAngiogenesis (ibidi), and exosomes-
treated HUVECs (1 x 10* cells) were seeded in the coated
wells. After incubation at 37 °C for 12 h, tube forma-
tion was observed with a microscope (200X). The abil-
ity of tube formation was determined by measuring the
number of tubes. Aortic ring assay was performed as
described in our previous study [40].

Animal models

20 four-to-six-week-old male BALB/c nude mice (nu/
nu) were purchased from Guangdong Medical Labora-
tory Animal Center (Guangdong, China) and treated
according to the Animal Research Reporting of In vivo
Experiments (ARRIVE) guidelines. Mice were anesthe-
tized and exposed the spleen by the laparotomy. 5x 10°
cells of HCT116 were suspended in 100 ul of PBS and
injected into the distal part of the spleen with an insu-
lin syringe. 20 mice were randomly divided into four
groups for further experiments, and 10 pg of exosomes
from overexpression or knockdown of miR-1825 CRC
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cells resuspended in 50 pl of PBS were injected intraperi-
toneally weekly. After 4 weeks, the mice were sacrificed,
and the livers were collected for further analysis.

Dual-luciferase reporter system analysis

The wild-type or mutated 3-UTR of ING1 gene were
inserted into the luciferase vector. HUVECs was cotrans-
fected with the vectors and miR-1825, which were sub-
sequently harvested and analyzed for luciferase activity
by the Luc-pair Duo-Luciferase HS assay kit (Gene-
Copoeia, China). Three independent experiments were
performed.

Statistical analysis

Each experiment was performed at least three times. Sta-
tistical analyses were performed using Prism 8.0 (La Jolla,
CA, USA). Student’s t-test and one-way analysis of vari-
ance (ANOVA) were used to evaluate the significance of
the differences among different groups. The correlation
analysis was detected by Pearson’s correlation coefficient.
All data were presented as the means+standard devia-
tion (SD).
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