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Background: Tumor progression and recurrence are major contributors to the poor prognosis of colorectal cancer (CRC), with
angiogenesis playing a critical role in these processes. Although tumor-derived exosomes are hypothesized to significantly
promote angiogenesis, the underlying mechanisms in CRC remain poorly understood.

Methods: Serum exosomal samples from five paired CRC and non-CRC patients were sequenced to identify differentially
expressed miRNAs. The biological function of miR-146a and its downstream targets in angiogenesis were investigated using
in vitro and in vivo models.

Results: Our findings demonstrate that miR-146a is highly enriched in CRC-derived exosomes, and its expression in serum
exosomes is significantly elevated in CRC patients compared to healthy controls. MiR-146a can be transferred from CRC cells to
human umbilical vein endothelial cells (HUVECsS) via exosomes, enhancing their proliferation, migration, and tube formation.
Mechanistically, exosomal miR-146a promotes these proangiogenic effects by downregulating the tissue inhibitor of metal-
loproteinase 3 (TIMP3) in HUVECs. Furthermore, in vivo experiments confirmed that exosomal miR-146a from CRC cells drives
tumor growth and angiogenesis.

Conclusions: This study highlights exosomal miR-146a as a key driver of angiogenesis in CRC, suggesting its potential as
a therapeutic target for antiangiogenic strategies in CRC treatment.
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1. Background

Colorectal cancer (CRC) ranks as the third leading cause of
cancer-related mortality worldwide, primarily due to its high
rates of recurrence and metastasis [1-3]. A hallmark of CRC
is its ability to induce angiogenesis [4-6]. The formation of
tumor-associated vasculature plays a pivotal role in sup-
plying nutrients to support tumor growth and is critically
involved in various aspects of tumor biology, including
metastasis, metabolic dysregulation, and the maintenance of
cancer stem cells [7-10]. Therefore, elucidating the precise

molecular mechanisms underlying angiogenesis is essential
for developing effective therapeutic strategies against CRC.

Micro-RNAs (miRNAs) are a class of small noncoding
RNAs that function as post-transcriptional regulators of
gene expression by binding to target mRNAs and sup-
pressing their translation [11-15]. Emerging evidence has
demonstrated that miRNAs play a pivotal role in modulating
endothelial cell (EC) function during tumor angiogenesis
[16-18]. Specifically, miRNAs derived from tumor cells can
regulate the expression of proangiogenic or antiangiogenic
factors, thereby influencing EC proliferation, migration, and
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tube formation [19-21]. Notably, miRNAs can be encap-
sulated within exosomes, which are extracellular vesicles
approximately 100 nm in diameter [22]. Exosomes are se-
creted by various cell types into the circulation and can
transport their cargo, including miRNAs, to recipient cells
across the body [23]. Through this mechanism, exosomes
exert regulatory effects on target cells, including the mod-
ulation of gene expression [24-26]. Of particular relevance,
tumor-derived exosomes have been shown to deliver
miRNAs to ECs, thereby promoting angiogenesis [27].
Furthermore, exosomes have been implicated in enhancing
CRC progression by facilitating angiogenesis. These find-
ings suggest that targeting exosomal miRNAs may repre-
sent a promising therapeutic strategy to inhibit tumor
angiogenesis [28].

In this study, we first identified miR-146a as a highly
abundant miRNA in the serum of CRC patients and in
exosomes secreted by CRC cells. We further demonstrated
that CRC-derived exosomal miR-146a can be transferred to
human umbilical vein endothelial cells (HUVECs), where it
promotes angiogenesis by downregulating the expression of
the tissue inhibitor of metalloproteinase 3 (TIMP3). Addi-
tionally, using a mouse tumor xenograft model, we con-
firmed that miR-146a significantly enhances CRC growth
and angiogenesis in vivo. Collectively, our findings highlight
the critical role of exosomal miR-146a in driving angio-
genesis and suggest that targeting this miRNA may offer
a novel therapeutic avenue for the treatment of CRC.

2. Materials and Methods

2.1. Human Tissue Acquisition and Ethical Approval. This
study was conducted in accordance with the ethical
guidelines and approved by the Ethics Committee of Harbin
Medical University Cancer Hospital. Written informed
consent was obtained from all participants, including pa-
tients and healthy donors. Patients with primary CRC un-
derwent curative surgical resection, and none had received
preoperative treatments such as chemotherapy or radio-
therapy. Serum samples were collected preoperatively and
1 week postoperatively to assess changes in the exosomal
content. For RNA sequencing, serum exosomes were iso-
lated from 10 patients, comprising five with metastatic CRC
(mCRC) and five with nonmetastatic CRC (non-mCRC).
Sequencing was performed by Novogene (Beijing, China).
Additionally, fresh CRC biopsy specimens and adjacent
normal mucosa were obtained from Peking University
Shenzhen Hospital (2020-322). Tissue samples were im-
mediately snap-frozen in liquid nitrogen and stored at —80°C
for subsequent analysis.

2.2. Cell Culture. HUVECs, the human colon epithelial cell
line NCM460, and CRC cell lines (HCT116, SW480, SNU-
C1, and Lovo) were maintained in the Myocardial Ischemia
Laboratory at Harbin Medical University. NCM460,
HCT116, SW480, SNU-C1, and Lovo cells were cultured in
the RPMI-1640 medium supplemented with 10% fetal bo-
vine serum (FBS; ExCell Bio, FSP500, South America).
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HUVECs were grown in the EC medium (ECM, Cat. No.
1001) containing 10% FBS (ExCell Bio, FSP500, South
America). All cells were maintained under standard culture
conditions (37°C, 5% CO,).

2.3. Exosome Isolation and Characterization. Exosomes were
isolated from the conditioned media of CRC cells and serum
samples from both human and mouse sources. Cells were
cultured in a medium supplemented with 10% exosome-
depleted FBS (C38010050, VivaCell, Shanghai, China) to
minimize contamination. Briefly, cell supernatants (col-
lected after 48h) or serum samples were subjected to se-
quential centrifugation at 300 x g and 3000 x g for 10 min
each to remove cellular debris. The clarified supernatants
were then filtered through a 0.22-pm membrane and
ultracentrifuged at 120,000 x g at 4°C for 1h. The resulting
exosome pellets were resuspended in phosphate-buffered
saline (PBS), and the exosome concentration was quantified
using a BCA protein assay kit (Keygen Biotech). Exosome
size distribution and concentration were further analyzed
using nanoparticle tracking analysis (NTA) with a Nano-
sight instrument (version 2.3). For this, exosomes were ir-
radiated with a laser, and their Brownian motion was
recorded over a 10-s video.

2.4. Transmission Electron Microscopy (TEM). The mor-
phology of isolated exosomes was examined by TEM (H-
7650, Hitachi, Japan). Briefly, 10uL of freshly prepared
exosome suspension was placed onto a carbon-coated
copper grid and allowed to adsorb for 10min at room
temperature. Excess liquid was gently removed with filter
paper, followed by negative staining with 2% phospho-
tungstic acid (pH 7.0) for 1 min. The grids were then air-
dried at room temperature and visualized under TEM at an
accelerating voltage of 80 kV. Images were captured digitally,
and exosome morphology was confirmed by their typical
cup-shaped appearance with diameters of approximately
100-150 nm.

2.5. Exosome Labeling and Cellular Uptake Assay.
Exosomes were labeled with the fluorescent membrane dye
PKH67 (Sigma) to track their uptake by recipient cells.
Labeled exosomes were incubated with HUVECs for 3h,
after which cells were fixed and counterstained with Hoechst
to visualize nuclei. Cellular internalization of exosomes was
assessed by fluorescence microscopy (JEM-1220, JEOL, Ja-
pan). For functional assays, 1x 10> HUVECs were cocul-
tured with 50 pg of exosomes to evaluate their effects on EC
behavior.

2.6. RNA Isolation and Quantitative Real-Time PCR (qRT-
PCR). Total RNA was isolated using the miRcute miRNA
Isolation Kit (Tiangen Biotech, China), following the
manufacturer’s instructions. Subsequently, RNA was
reverse-transcribed into complementary DNA (cDNA) us-
ing the miRcute Plus miRNA First-Strand cDNA Synthesis
Kit (Tiangen Biotech, China). A qRT-PCR was performed on
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a 7500 Fast Real-Time PCR System (Applied Biosystems,
USA) to quantify gene expression. The relative expression
levels of miR-146a were normalized to the endogenous
control U6, while TIMP3 mRNA expression was normalized
to GAPDH. For exosomal miRNA quantification, cel-
miR-39 (Applied Biosystems, CA, USA) was used as an
external control to account for variations in the RNA ex-
traction efficiency. The primer sequences used in this study
were as follows:
5'-AGAAGGCTGGGGCTCATTTG-3’ (GAPDH, forward),
5'-AGGGGCCATCCACAGTCTTC-3’ (GAPDH, reverse),
5'- CCATCCAGTTGGGAAGCCAT -3’ (TIMP3, forward),
5'- AGCTTCCTTGATTGGGAGGC -3’ (TIMP3, reverse),
5'-TCACCGGGTGTAAATCAGCTTG-3’ (cel-miR-39),
5'-CTCGCTTCGGCAGCACA-3’ (U6, forward),
5'-AACGCTTCACGAATTTGCGT-3 (U6, reverse),
5'-UGAGAACUGAAUUCCAUGGGUU-3 (has-miR-
146a).

2.7. Luciferase Reporter Assay. To investigate the regulatory
interaction between miR-146a and TIMP3, wild-type and
mutant 3'-untranslated region (3’ UTR) fragments of the
TIMP3 gene were amplified and cloned into luciferase re-
porter vectors. HEK293T cells were cotransfected with these
constructs, along with miR-146a mimics, miR-146a in-
hibitors, or their respective negative controls (NCs), using
Lipofectamine 3000 (Invitrogen). Firefly luciferase (FL) and
Renilla luciferase (RL) activities were measured 48 h post-
transfection using a dual-luciferase reporter assay system
(Promega, Madison, USA) and a chemiluminescence ana-
lyzer (Biosino, Beijing, China). Relative luciferase activity
was calculated by normalizing FL signals to RL signals.

2.8. Cell Transfection. HCT116 cells were transfected with
miR-146a mimics, inhibitors, or NCs (GenePharma) at
a concentration of 100 pmol using Lipofectamine 3000
(Invitrogen) and Opti-MEM (Gibco, USA). After 24 or 48 h,
transfected cells were harvested for RNA extraction. For
exosome isolation, HCT116 cells were cultured in an
RPMI-1640 medium supplemented with exosome-free FBS
(C38010050, VivaCell, Shanghai, China). Lentiviral vectors
expressing miR-146a, miR-146a inhibitors, or short hairpin
RNA (shRNA) targeting TIMP3 (TIMP3-shRNA) were
constructed and produced by GeneChem Inc. Transfection
efficiency was confirmed using a blank pcDNA3.1 vector as
a control.

2.9. Western Blot Analysis. Protein expression levels were
assessed by western blotting. Briefly, total protein was
extracted, separated by SDS-PAGE, and transferred to
PVDF membranes. Membranes were probed with primary
antibodies against TSG101 (ab125011, Abcam, 1:1000),
CD63 (ab217345, Abcam, 1:1000), Alix (ab186429, Abcam,
1:1000), and TIMP3 (PA5-80131, Cell Signaling Technology,
1:1000). B-actin served as the loading control. After in-
cubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (A32731, Cell Signaling Technology, 1:

5000), protein bands were visualized using Super chemi-
luminescent reagent (HaiGene, Harbin, China) and imaged
on a Bio-Rad ChemiDoc XRS system (Bio-Rad, CA, USA).

2.10. Functional Assays

2.10.1. Proliferation Assay. HUVEC proliferation was
evaluated using the EdU assay (RiboBio Inc.). Cells were
pretreated with exosomes or transfected with miR-146a
mimics/inhibitors, followed by incubation with 50 uM
EdU for 6h. Cells were fixed, permeabilized, and stained
according to the manufacturer’s protocol.

2.10.2. Migration Assay. Cell migration was assessed using
wound-healing and transwell assays. For the wound-healing
assay, HUVECs were scratched, and wound closure was
measured at 0 and 24h. For the transwell assay, 1x10°
HUVECs were seeded in a serum-free medium in the upper
chamber of transwell inserts (8-um pore size; Corning,
3422), with 10% FBS medium in the lower chamber. After
6h, migrated cells were stained with hematoxylin and
counted under a light microscope.

2.10.3. Tube Formation Assay. HUVECs were seeded on
Matrigel (BD Biosciences)-coated 24-well plates at a density of
1x 10* cells/well. Tube formation was assessed after 3 h using
an optical microscope, and the number of tubes was quantified.

2.11. Immunohistochemistry (IHC). TIMP3 expression in
tissue samples was evaluated by IHC as previously described
in Ref. [29]. Briefly, tissue sections were incubated with
a primary antibody against TIMP3 (ab39184, Abcam, 1:100)
overnight at 4°C, followed by incubation with a secondary
antibody (ZSGB-BIO, Beijing, China) for 20 min. Staining
was visualized using a DAB substrate kit.

2.12. In Vivo Experiments. All animal procedures were ap-
proved by the Hospital Scientific Affairs Committee on
Animal Research and Ethics and conducted in compliance
with the National Institutes of Health (NIH) guidelines for
animal care and use. Five-week-old female athymic BALB/c-
nu/nu mice (Shanghai SLAC Laboratory Animal Co., Ltd)
were housed in specific pathogen-free facilities. For the
xenograft model, mice were subcutaneously injected with
1x10” HCT116 cells transfected with miR-146a inhibitor
lentivirus, miR-146a lentivirus, or control lentivirus. Tumor
growth was monitored for 4 weeks, after which mice were
euthanized by CO, inhalation, and tumor weight and vol-
ume were recorded.

2.13.  Statistical ~Analysis. Data are presented as
mean + standard deviation (SD) from at least three in-
dependent experiments. Statistical analyses were performed
using SPSS 18.0 software. Comparisons between two groups
were conducted using a two-tailed Student’s t-test, while
Spearman’s correlation analysis was used to evaluate the



relationship between TIMP3 expression and miR-146a levels.
A p value < 0.05 was considered statistically significant.

3. Results

3.1. Tumor-Secreted miR-146a Is Enriched in Exosomes of CRC
Patients. Given the critical role of angiogenesis in tumor
invasion and metastasis, we first explored the differential
expression of miRNAs in exosomes derived from CRC
patients. RNA sequencing (RNA-seq) was performed on
serum exosomal samples from five metastatic CRC (mCRC)
patients and five nonmetastatic CRC (non-mCRC) patients
(Figure S2). miRNAs with a fold change >1.5 and p <0.05
were considered differentially expressed. Among these, miR-
146a emerged as a key candidate due to its well-documented
roles as a proto-oncogene in promoting tumorigenesis and
angiogenesis across various cancers [30-32].

To validate the significance of exosomal miR-146a in
CRC, serum exosomes were isolated from healthy controls
and CRC patients (with or without metastasis) using dif-
ferential ultracentrifugation. TEM confirmed the charac-
teristic cup-shaped morphology of exosomes (Figure 1(a)),
while NTA revealed an average diameter of approximately
120 nm (Figure 1(b)). Western blot analysis confirmed the
presence of exosomal markers, including TSG101, Alix, and
CD63 (Figure 1(c)). Notably, miR-146a levels were signifi-
cantly elevated in circulating exosomes from CRC patients
compared to healthy controls, with even higher expression
observed in metastatic cases (Figure 1(d)).

Further analysis of 16 paired CRC tissues and adjacent
normal mucosa revealed upregulation of miR-146a in tumor
tissues (Figure 1(e)). Similarly, miR-146a levels were
markedly higher in CRC cell lines (HCT116, SW480, SNU-
C1, and Lovo) and their secreted exosomes compared to the
normal colorectal epithelial cell line NCM460 (Figures 1(f),
1(g)). Postoperative analysis of serum exosomal miR-146a in
CRC patients showed a significant reduction in 94% (15/16)
of cases following tumor resection (Figure 1(h)). A positive
correlation was also observed between miR-146a levels in
tumor tissues and circulating exosomes (Figure 1(i)), sug-
gesting that tumor-derived miR-146a contributes to its el-
evated expression in serum exosomes.

3.2. MiR-146a Enhances the Biological Functions of HUVECs
in Vitro. To investigate the functional role of miR-146a in
angiogenesis, HUVECs were transfected with miR-146a
mimics, inhibitors, or their respective NCs. Overexpression
of miR-146a significantly enhanced HUVEC migration
(wound-healing assay; Figures 2(a), 2(b)), proliferation (EdU
assay; Figures 2(c), 2(d)), invasion (transwell migration assay;
Figures 2(e), 2(f)), and tube formation (Figures 2(g), 2(h)).
Conversely, miR-146a inhibition suppressed these proan-
giogenic effects, underscoring its pivotal role in EC function.

3.3. TIMP3 Is a Direct Target of miR-146a in HUVECs:.
Bioinformatic analysis identified TIMP3 as a potential target
of miR-146a. TIMP3, a known tumor suppressor, inhibits
angiogenesis and is frequently downregulated in various
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cancers [33-35]. Luciferase reporter assays confirmed that
miR-146a directly binds to the 3'-untranslated region (3’
UTR) of TIMP3 (Figures 3(a), 3(b)). MiR-146a mimics
significantly reduced luciferase activity, while inhibitors had
the opposite effect (Figure 3(c)). Mutations in the miR-146a
binding site abolished these effects, confirming the speci-
ficity of the interaction. qRT-PCR and western blot analysis
further demonstrated that miR-146a overexpression sup-
pressed TIMP3 mRNA and protein levels in HUVECs:,
whereas miR-146a inhibition restored TIMP3 expression
(Figures 3(d), 3(e), 3(f)). These findings establish TIMP3 as
a direct downstream target of miR-146a. To determine
whether TIMP3 mediates miR-146a-induced angiogenesis,
HUVECs were cotreated with miR-146a inhibitors and
TIMP3-shRNA. TIMP3 knockdown reversed the anti-
angiogenic effects of miR-146a inhibition, restoring HUVEC
proliferation, migration, and tube formation (Supplemen-
tary Figures 1B-I). These results suggest that miR-146a
promotes angiogenesis by silencing TIMP3 in HUVECs.

3.4. TIMP3 Is Downregulated in CRC Tissues. The clinico-
pathological features of the 16 CRC patients are shown in
Table S1. Analysis of TIMP3 expression in CRC tissues
revealed significantly lower mRNA and protein levels in
tumor samples compared to adjacent normal tissues
(Figures 4(a), 4(b), 4(c)). Immunohistochemical staining
further corroborated these findings (Figure 4(d)). A negative
correlation was observed between TIMP3 and miR-146a
expression in CRC tissues (Figure 4(e)), supporting the
hypothesis that TIMP3 acts as a tumor suppressor in CRC.

3.5. CRC-Derived Exosomal miR-146a Promotes Angiogenesis
by Silencing TIMP3 in HUVECs. Exosomes are known to
mediate intercellular communication by transferring miR-
NAs between cells [36-38]. To investigate whether CRC-
derived exosomes deliver miR-146a to HUVECs, exosomes
were isolated from HCT116 cell supernatants and charac-
terized by TEM (Figure 5(a)) and western blotting
(Figure 5(b)). HCT116 cells were transfected with miR-146a
inhibitors to generate miR-146a-depleted exosomes
(Figure 5(c)). Confocal microscopy confirmed the uptake of
PKHe67-labeled exosomes by HUVECs (Figure 5(d)).

HUVECs treated with miR-146a-depleted exosomes
exhibited reduced miR-146a levels and restored TIMP3
expression, whereas control exosomes suppressed TIMP3
(Figures 5(e), 5(f), 5(g)). Functional assays demonstrated
that HCT116-derived exosomes enhanced HUVEC migra-
tion, proliferation, and tube formation, effects that were
attenuated by miR-146a knockdown (Figures 6(a), 6(b), 6(c),
6(d), 6(e), 6(f), 6(g), 6(h)). These findings indicate that CRC-
secreted exosomal miR-146a promotes angiogenesis by
targeting TIMP3 in HUVECs.

3.6. Exosomal miR-146a Regulates Tumor Growth and An-
giogenesisin Vivo. To evaluate the role of miR-146a in tumor
progression, a xenograft mouse model was established by
subcutaneously injecting HCT116 cells transfected with
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FIGURE 1: Serum exosomal miR-146a correlates with CRC. (a) Serum exosomes from CRC patients were detected via electron microscopy.
Scale bar, 100 nm. (b) NTA of purified exosomes. (c) Western blot analysis for Alix, CD63, and TSG101. (d) miR-146a expression in serum
exosomes from healthy controls or CRC patients. (e) RT-PCR analysis of miR-146a expression in 16 paired fresh CRC tissues and matched
adjacent normal mucosa samples. (f) miR-146a expression in four CRC cell lines (HCT116, SW480, SNU-C1, and Lovo) and a human
colorectal epithelial cell line (NCM460). (g) qRT-PCR analysis of the levels of miR-146a in exosomes from the supernatants of different cell
lines. (h) Fold change in miR-146a in serum exosomes from 16 patients after surgery. miR-146a expression at the postoperative stage was
normalized to 1. (i) Spearman’s correlation analysis between miR-146a expression in CRC tissues and miR-146a expression in circulating
exosomes. Pearson’s correlation coefficient (r) and the p value are shown, n=16. The p value was derived from Spearman’s test. Each
experiment was performed in triplicate. Data are presented as mean + SD. *p < 0.05.

miR-146a-positive, miR-146a-inhibited, or control lentivi-
ruses (Figure 7(a)). Tumor volume and weight were signifi-
cantly reduced in the miR-146a-negative group compared to
the miR-146a-positive group (Figures 7(b), 7(c), 7(d)).
Analysis of tumor tissues revealed higher miR-146a and
lower TIMP3 levels in the miR-146a-positive group, with the
opposite trend observed in the miR-146a-negative group
(Figures 7(e), 7(f)). Serum exosomal miR-146a levels were
also elevated in the miR-146a-positive group (Figure 7(g)).
Immunohistochemical staining for CD31, a marker of

angiogenesis, showed reduced vascular density in tumors
from the miR-146a-negative group (Figure 7(h)). These
results demonstrate that CRC-derived exosomal miR-146a
promotes tumor growth and angiogenesis by down-
regulating TIMP3 in vivo.

4. Discussion

Exosomes have emerged as pivotal players in tumorigenesis
and intercellular communication, sparking significant
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FIGURE 4: TIMP3 expression is decreased in CRC. (a) and (b) Western blot analysis of TIMP3 expression in CRC tumor tissues and paired
adjacent noncancerous tissues (1 = 16). (c) TIMP3 mRNA levels were analyzed in CRC tumor tissues and paired with adjacent noncancerous
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correlation analysis showed that miR-146a was negatively correlated with TIMP3 in CRC tumor tissue (n=16). *p < 0.05.

interest and debate in recent years [39]. These extracellular
vesicles, secreted by various cell types, serve as carriers for
a diverse array of biomolecules, including proteins, lipids,
and nucleic acids, facilitating cell-to-cell communication
[40]. Their stability in the bloodstream, conferred by
a protective lipid bilayer, shields their cargo from enzymatic
degradation, enabling them to exert systemic effects. Exo-
somes are increasingly recognized for their roles in tumor
progression, including proliferation, metastasis, and an-
giogenesis, largely through the regulation of oncogenes and
tumor suppressor genes [41-43]. Among their cargo,
miRNAs are particularly noteworthy as they can be trans-
ported to both nearby and distant recipient cells, where they
modulate gene expression and cellular function. Recent
studies have highlighted the involvement of exosomes in
tumor angiogenesis, a critical process for tumor growth and
metastasis. For instance, You et al. [44] demonstrated that
gastric cancer-derived exosomes promote vascular growth
although the precise molecular mechanisms underlying this
phenomenon remain poorly understood and warrant fur-
ther investigation.

miRNAs, small noncoding RNAs typically 19-25 nu-
cleotides in length, are key regulators of gene expression and
play essential roles in numerous biological processes [45].
Dysregulation of miRNAs has been implicated in the pro-
motion of angiogenesis across various cancer types [46].
Among these, miR-146a has garnered attention for its on-
cogenic properties. It is upregulated in breast cancer and
bladder cancer and has been proposed as a potential bio-
marker for oral cancer. In CRC, miR-146a has been shown to
enhance stem-like properties and tumorigenicity. While

miR-146a is known to regulate angiogenesis through
complex molecular networks, its specific mechanisms in
CRC remain to be fully elucidated. Future studies should
explore whether previously reported pathways involving
miR-146a contribute to its proangiogenic effects in CRC.
Although several studies have described miR-146a as a tu-
mor-suppressive miRNAs in certain cancer types, its bi-
ological function appears to be highly context-dependent.
The divergent roles of miR-146a are likely influenced by the
specific cellular environment, target gene repertoire, and
tumor type. In CRC, accumulating evidence indicates that
miR-146a may act as an oncogenic regulator that promotes
tumor growth, stemness, and angiogenesis. Consistent with
these findings, our data demonstrate that cancer-derived
exosomal miR-146a enhances EC proliferation and tube
formation by directly suppressing the antiangiogenic factor
TIMP3. These results highlight the dual nature of miR-146a
and suggest that its functional outcome depends on the
molecular context of the tumor microenvironment.
TIMPs are a family of proteins that regulate extracellular
matrix (ECM) remodeling and cell signaling [47]. Among
the four mammalian TIMPs, TIMP3 is unique in its ability to
bind to the ECM via heparin sulfate proteoglycans and
inhibit membrane-associated ADAMs [48]. TIMP3 is a po-
tent tumor suppressor, with high expression levels shown to
inhibit the growth of various cancers. It regulates EC ap-
optosis and directly interacts with vascular endothelial
growth factor receptor-2 (VEGFR-2), thereby suppressing
angiogenesis and tumor progression [49]. Additionally,
TIMP3 acts as a physiological antagonist of matrix metal-
loproteinases (MMPs), particularly MMP-2 and MMP-9,
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“p <0.05 relative to the control.

which are crucial for ECM degradation and EC migration
[50]. In this study, we observed significant downregulation
of TIMP3 in CRC tissues compared to adjacent normal
tissues, suggesting that TIMP3 loss may be a critical event in
CRC pathogenesis. We further demonstrated that TIMP3 is
a direct functional target of miR-146a in HUVECs, pro-
viding mechanistic insight into how CRC-derived exosomal
miR-146a promotes angiogenesis by suppressing TIMP3
expression.

The differential expression of miRNAs in the circulatory
system of cancer patients has become a focal point in the
search for non-invasive biomarkers [51]. Advances in de-
tection technologies have positioned exosomal miRNAs as
promising candidates for diagnostic and therapeutic ap-
plications. Exosomes serve as a major conduit for the se-
cretion of bioactive molecules by cancer cells, facilitating the
delivery of oncogenic miRNAs to establish a protumorigenic
microenvironment, including angiogenesis. Detecting
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FIGURE 7: Pro-angiogenic effect of miR-146a in vivo. (a) Flowchart describing the in vivo experimental design. After transfection with miR-
146a inhibitor lentivirus, miR-146a lentivirus, and control group lentivirus, HCT116 cells were injected into mouse groin to establish tumor
transplantation model. After 4 weeks, the mice were sacrificed, and the tumor tissues were harvested. (b) Representative tumors harvested
from each experimental group are shown (n =5 mice per group). The full quantitative analysis of tumor volume and weight for all mice is
presented in panels (c) and (d). (e) The protein levels of TIMP3 in tumors. (f) QRT-PCR analysis of miR-146a in implanted tumors (n =5).
(g) MiR-146a expression in serum exosomes of mice in different treatment groups (n=5). (h) Immunohistochemistry analysis of CD31
expression in different paraffin-embedded tumor tissues of mice (n=5) (CD31 is widely used to demonstrate the existence of endothelial
tissue and to assess tumor angiogenesis). Scale bar, 100 um. (i) Quantification of (h). Results are presented as mean +SD. *p < 0.05. All

experiments were carried out in triplicate.

oncogenic miRNAs in exosomes or inhibiting their secretion
could provide novel insights into CRC biology, including
tumor proliferation, angiogenesis, and invasion. In this
study, we found that serum exosomal miR-146a levels were
significantly elevated in CRC patients compared to healthy
controls. Moreover, miR-146a was highly expressed in CRC
tissues relative to adjacent normal mucosa, and its levels in
serum exosomes decreased following tumor resection. In
vivo experiments further confirmed elevated miR-146a
levels in both tumor tissues and circulating exosomes in
CRC-bearing mice. These findings suggest that combining
miR-146a with other protein biomarkers could enhance the
specificity of disease characterization at the individual level,
paving the way for personalized antiangiogenic therapies
in CRC.

5. Conclusion

In summary, this study demonstrates that elevated levels of
circulating exosomal miR-146a drive angiogenesis in CRC
by directly targeting and suppressing TIMP3 expression.
Our findings highlight the potential of targeting exosomal
miR-146a as a novel therapeutic strategy to inhibit an-
giogenesis in CRC. Specifically, interventions aimed at
blocking the release of miR-146a or neutralizing exosomes
carrying overexpressed miR-146a could offer promising
avenues for antiangiogenic therapy. These insights not only
deepen our understanding of the molecular mechanisms
underlying CRC progression but also provide a foundation
for developing targeted treatments to improve patient
outcomes.

Nomenclature

CRC Colorectal cancer

ECM Extracellular matrix

ECs Endothelial cells

FBS Fetal bovine serum

HUVECs Human umbilical vein endothelial cells
mCRC Metastatic colorectal cancer

miRNA Micro-RNA

NC Negative control

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

RNA-seq RNA sequencing

shRNA Short hairpin RNA

TEM Transmission electron microscopy
TIMP3 Tissue inhibitors of metalloproteinase 3

TIMP3-shRNA Short hairpin RNA targeting TIMP3.
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Supporting Information 1. Figure S1. TIMP3 is a functional
target of miR-146a in HUVECs. (A) gqRT-PCR analysis of
the relative miR-146a content in HUVECs after treatment
with miR-146a mimic or inhibitor. (B) TIMP3 mRNA levels
were analyzed in the different groups via qRT-PCR. (C)
Immunoblotting was used to detect the expression of TIMP3
in HUVECs treated with TIMP3-shRNA or control group
shRNA. (D) EdU assays showed that TIMP3 could inhibit
the proliferation of HUVECs. Scale bar, 100 pm. (E)
Quantitative analysis of (D). (F) Transwell assay showed that
TIMP3 could inhibit the migration of HUVECs. Scale bar,
100 pm. (G) Quantitative analysis of (F). (H) TIMP3
inhibited the tube-forming capability of HUVECs. Scale bar,
100 pm. (I) Quantitative analysis of (H). All of the exper-
iments were performed in triplicate, and data were presented
as mean + SD. "p <0.05.

Supporting Information 2. Figure S2. Differential expression
of exosomal miRNAs in CRC patients with or without
metastasis. Heatmap showing the expression profiles of
differentially expressed serum exosomal miRNAs from
metastatic CRC (mCRC) and nonmetastatic CRC (non-
mCRC) patients. Red indicates high expression, and blue
indicates low expression. miR-146a-5p (highlighted with
ared box) was among the significantly upregulated miRNAs
in metastatic CRC patients, and the Venn diagram shows the
overlap and unique distribution of exosomal miRNAs be-
tween the two groups. A total of 922 miRNAs were com-
monly expressed, while 152 miRNAs were unique to the
non-mCRC group and 152 miRNAs were unique to the
mCRC group.

Supporting Information 3. Supplementary Table 1. Clini-
copathologic features of 16 CRC patients.
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