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Exosomal miR-3174 induced by hypoxia
promotes angiogenesis and metastasis of
hepatocellular carcinoma by inhibiting HIPK3

Xiao Yang,1,3,6 Mingyu Wu,1,6 Xiangxu Kong,3,6 Yun Wang,4 Chunyang Hu,3 Deming Zhu,2 Lianbao Kong,2,3,*

Fei Qiu,5,* and Wangjie Jiang2,3,7,*

SUMMARY

Hepatocellular carcinoma (HCC) is a highly malignant tumor with rich blood supply. HCC-derived exo-
somes containing hereditary substances including microRNAs (miRNAs) were involved in regulating tu-
mor angiogenesis and metastasis. Subsequently, series experiments were performed to evaluate the ef-
fect of exosomal miR-3174 on HCC angiogenesis and metastasis. HCC-derived exosomal miR-3174 was
ingested by human umbilical vein endothelial cells (HUVECs) in which HIPK3 was targeted and silenced,
causing subsequent inhibition of Fas and p53 signaling pathways. Furthermore, exosomal miR-3174
induced permeability and angiogenesis of HUVECs to enhance HCC progression and metastasis. Under
hypoxia, upregulated HIF-1a further promoted the transcription of miR-3174. Moreover, HNRNPA1
augmented the package of miR-3174 into exosomes. Clinical data analysis confirmed that HCC patients
with high-level miR-3174 were correlated with worse prognosis. Thus, exosomal miR-3174 induced by
hypoxia promotes angiogenesis and metastasis of HCC by inhibiting HIPK3/p53 and HIPK3/Fas signaling
pathways. Our findings might provide potential targets for anti-tumor therapy.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most malignant tumors with high incidence and poor prognosis worldwide.1 Surgical resection

is one of themost effective options for HCC; however, highmortality and recurrence after surgery remain giant threat for patients. In addition,

many patients in advanced stage lose the opportunity for surgery. In recent decades, anti-angiogenic targeted therapies such as sorafenib-

based regimens have brought a breakthrough in the treatment of advanced and recurrent HCC. Even that, tumor-induced neovascularization

limits the sustained efficacy of the therapy. Moreover, neovascularization increases the metastatic potential of cancer cells to other organs.

Therefore, new breakthrough need be probed to break this bottleneck.

Being the smallest extracellular vesicles (30–200 nm) with a double-layer membrane, exosomes can be secreted by tumor cells, immune

cells, and other living cells and widely distributed in blood, urine, and other body fluids.2 As the vehicle mediating information exchange and

cellular physiological functions, exosomes carry genetic cargoes (DNA, RNA, and proteins) and transfer them to target cells through mem-

brane fusion or endocytosis.3 Published studies have reported that tumor-derived exosomes (TEXs) are more abundant and widely involve in

TME reprogramming. For instance, TEXs mediate the information transferring of tumor cells to mesenchymal cells including vascular endo-

thelial cells (VECs), which then in turn affect the malignant behaviors of tumor cells.4 For example, Shephard et al.5 revealed that exosomal

message RNAs (mRNAs) could be effective biomarkers for monitoring TME remodeling. Tumor-derived exosomal proteins such as THBS1

regulate polarization of macrophages.6 Our previous study has revealed that miR-3174 facilitates HCC progression relied on FOXO1; how-

ever, whether miR-3174 in HCC involves in the TME regulation in exosome-dependent manner remains to be elucidated.

MiRNAs are members of small noncoding RNA family, and they are mainly involved in posttranscriptional regulation.1 Extensive studies

have reported that exosomalmiRNAs, themost highly enriched content in exosomes, regulate tumor progression and TME remodeling.1,3,7,8

For example, exosomal miR-1247-3p secreted by HCC activates cancer-associated fibroblasts (CAFs) to induce lung metastasis of HCC.9
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Figure 1. Exosomal miR-3174 secreted by HCC cells can be transmitted to HUVECs

(A and B) QRT-PCR analysis of miR-3174 and CD34 expression levels in HCC tissues and adjacent normal liver tissues (n = 80).

(C) Pearson’s correlation analysis of expression levels of miR-3174 and CD34 in HCC tissues (n = 80). Pearson’s correlation coefficient (r) and p value are shown in

the chart. p value is from Pearson’s test.

(D) RT-qPCR analysis of expression levels of miR-3174 in Hep-3B cells (transfected with mimic-NC or miR-3174 mimics) and HCC-LM3 cells (transfected with

inhibitor-NC or inhibitor-miR-3174).

(E) RT-qPCR analysis of miR-3174 expression levels in HUVECs cocultured with exosomes secreted by Hep-3B/mock, Hep-3B/miR-3174, HCC-LM3/NC-, and

HCC-LM3/inhibitor-miR-3174 cells.
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Furthermore, miR-M2 macrophages-derived exosomal miR-23a-3p was reported to enhance the vascular permeability to promote HCC

metastasis.10 It was clear that exosomal miRNAs act as a bridge between cell-to-cell communication.

More than that, variety of potential of hydrogen (pH), hypoxia, and other conditions can also affect the secretion of exosomal miRNAs. It

has been reported that hypoxia can promote the production of exosomalmiR-27-3b in cardiacmicrovascular endothelial cells.11 However, the

concrete mechanisms of exosomal miRNAs remained unclear. In our previous study, we identified that upregulated miR-3174 can promote

HCC growth.12 On this basis, we conducted a more in-depth study. Herein, we focused on the effects of HCC-derived exosomal miR-3174

inducedby hypoxia on angiogenesis andmetastasis of HCC.We investigatedwhether HCC-derived exosomalmiR-3174 could be transmitted

to human umbilical vein endothelial cells (HUVECs) and its role in inducing angiogenesis and metastasis of HCC.

RESULTS

HCC cells deliver exosomal miR-3174 to HUVECs

Based on pan-cancer analysis in TCGA database, we found that miR-3174 was highly expressed in multiple range of cancers including HCC

(Figures S1A and S1B). Our previous study has shown that miR-3174 acts as a critical role in facilitating HCC progression.12 Further analysis of

RT-qPCR data of 80 pairs of HCC samples showed that CD34 (the biomarker of VECs) were both highly expressed and positively correlated

with miR-3174 level in HCC tissues significantly (Figures 1A–1C), prompting us to speculate that miR-3174 might be associated with the

increased vascular components in HCC tissue. To verify the speculation, HUVECs were separately cocultured with PBS or exosomes derived

fromQSG-7701, Hep-3B, and HCC-LM3 cells for 48 h. Subsequent RT-qPCR analysis showed that miR-3174 was upregulated in HUVECs with

Hep-3B/exo andHCC-LM3/exo incubation. Conversely, little increased expression of miR-3174was detected in HUVECs coculturedwith exo-

somes from normal hepatocytes (QSG-7701) (Figure S1C). Then, we constructed miR-3174 overexpression (miR-3174 mimics) or knockdown

(inhibitor-miR-3174) cell lines in HCC-LM3 or Hep-3B cells, respectively. The transfection efficiency was confirmed (Figure 1D). Similarly, under

the treatment of exosomes derived fromHep-3B transfectedwithmiR-3174mimics for 48 h, the level ofmiR-3174 in HUVECswas upregulated.

However, the opposite result was observed in HUVECs incubated with the exosomes released from miR-3174-silencing Hep-3B cells (Fig-

ure 1E). We thus assumed that miR-3174 could be delivered from HCC cells to HUVECs via exosomes. To exclude the effect of HUVECs-

derived miR-3174 on HCC cells, we cocultured Hep-3B cells with exosomes secreted from miR-3174-transfected HUVECs. Little alteration

of the miR-3174 expression level in Hep-3B cells was observed (Figure 1F). These vesicles isolated from Hep-3B and HCC-LM3 cells were de-

tected by transmission electronmicroscopy and verified less than 200 nm in diameter (Figure 1G). Further analysis showed that the expression

levels of ALIX, TSG101, CD63, and CD9 were highly expressed in isolated vesicles rather than in Hep-3B and HCC-LM3 cells (Figure 1H). In

addition, Nanoparticle Tracking Analysis (NTA) also proved that the diameters of Hep-3B- andHCC-LM3-cell-derived exosomes were distrib-

uted at 30–200 nm (Figure 1I), which further confirmed the vesicles as purified exosomes. To simulate the transmission process, we labeled

miR-3174 mimics and exosomes with Cy3 (red) and PKH67 separately. After coculturing HUVECs with Hep-3B-cell-derived exosomes, the

merged signal of Cy3 and PKH67 was observed, hinting that exosomal miR-3174 could be transported to HUVECs (Figure 1J). Subsequent

RT-qPCR analysis confirmed that miR-3174 in HUVECs treated with Hep-3B/miR-3174-exo for 24 h was higher expressed than that in other

groups, which can be inhibited by GW4869 (Figure 1K). These experimental results exhibited that exosomal miR-3174 was uniaxially delivered

from HCC cells to HUVECs and increased the expression level of miR-3174 in HUVECs.

HCC-derived exosomal miR-3174 promotes angiogenesis of HUVECs and increases their permeability in vitro

To explore the effects of exosomal miR-3174 on HUVECs, we loaded miR-3174 mimics and miR-3174 inhibitor into the exosomes released

fromHep-3B (Hep-3B/miR-3174-exo) and HCC-LM3 cells (HCC-LM3/inhibitor-miR-3174-exo) separately for subsequent experiments. Scratch

healing assay and transwell migration assay showed that Hep-3B/miR-3174-exo significantly improved the migration of HUVECs, whereas

HCC-LM3/inhibitor-miR-3174-exo markedly reduced their motilities (Figures 2A–2D). Tube formation assay and 3D spheroid sprouting assay

confirmed that HUVECs cocultured with Hep-3B/miR-3174-exo possessed formidable angiogenesis ability compared with control group

(Hep-3B/mock-exo). However, the angiogenesis of HUVECs incubated with HCC-LM3/inhibitor-miR-3174-exo was restrained (Figures 2E–

2H). In vitro vascular permeability assay showed that Hep-3B/miR-3174-exo increased the leakiness of HUVECs, whereas the opposite result

was detected in HCC-LM3/inhibitor-miR-3174-exo group (Figures 2I and 2J). These data showed that HCC-derived exosomal miR-3174 pro-

moted angiogenesis of HUVECs and increased the permeability.

Figure 1. Continued

(F) RT-qPCR analysis of miR-3174 expression levels in Hep-3B cells incubated with PBS and exosomes derived from HUVECs transfected with mimic-NC (HUVEC/

mock-exo) or miR-3174 mimics (HUVEC/miR-3174-exo).

(G) Electron micrographs of exosomes derived from cells in four groups: Hep-3B/mock, Hep-3B/miR-3174, HCC-LM3/NC, and HCC-LM3/inhibitor-miR-3174.

Scale bar represents 200 nm.

(H) Western blot analysis of expression levels of exosome markers (ALIX, TSG101, CD63, and CD9) in cells and their derived exosomes in abovementioned four

groups.

(I) NTA analysis of the abundance of exosomes in abovementioned four groups.

(J) (Top panels) HUVECs incubated with naked-miR-3174-Cy3 were used as a negative control. (Bottom panels) Exosomal miR-3174 labeled with Cy3 (red) and

PKH67 (green) in HUVECs (DAPI) were observed after incubated with Hep-3B/miR-3174-exo for 24 h. Scale bar represents 25 mm.

(K) RT-qPCR analysis of miR-3174 expression levels in HUVECs incubated with PBS, Hep-3B/mock-exo, Hep-3B/miR-3174-exo, and Hep-3B/miR-3174-

exo+GW4869 for 24 h. Error bars represent mean G SEM of three replicates (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Exosomal miR-3174 promotes HCC progression and metastasis by inducing angiogenesis and enhancing vascular

permeability in vivo

Based on the in vitro results, we focused on whether exosomal miR-3174 promotedHCC progression andmetastasis by regulating angiogen-

esis and vascular permeability in vivo. Aortic ring assay revealed that Hep-3B/miR-3174-exo enhanced the budding ability of aortas, whereas

HCC-LM3/inhibitor-miR-3174-exo inhibited sprouts of aortas substantially (Figures 3A and 3B). Then subcutaneous transplanted tumor

models of Hep-3B cells in nude mice were constructed, and the photograph of these tumors in Hep-3B/mock-exo and Hep-3B/miR-3174-

exo was also provided (Figure 3C). By measuring the volumes and weights of these transplanted tumors, we realized that exosomal miR-

3174 accelerated growth of tumors in Hep-3B/miR-3174-exo group (Figures 3D and 3E). Similarly, RT-qPCR analysis showed that miR-3174

was higher expressed in Hep-3B/miR-3174-exo group than that in Hep-3B/mock-exo group (Figure 3F). Immunohistochemical staining anal-

ysis showed that the expression levels of Ki67 and CD34 were increased significantly in Hep-3B/miR-3174-exo group, suggesting that exo-

somal miR-3174 might promote HCC progression by increasing the vascular density of tumor tissues (Figure 3G). Immunofluorescence stain-

ing showed that the fluorescence intensity of rhodamine B (red) in Hep-3B/miR-3174-exo treatment group was significantly enhanced

compared with that in control group (Figures 3H and 3I). The above findings indicated that neovascularizations induced by exosomal miR-

3174 were more hypertonic compared with normal blood vessels. As before, we foundmore metastatic lesions in lung tissues of mice treated

with Hep-3B/miR-3174-exo, and the fluorescence intensity of Rhodamine B (red) was markedly enhanced (Figures 3J–3M). However, the fluo-

rescence intensity of Rhodamine B was impaired after treating with HCC-LM3/inhibitor-miR-3174-exo (Figures 3L and 3M). Therefore, exo-

somal miR-3174 promoted HCC progression and metastasis by inducing angiogenesis and enhancing vascular permeability in vivo.

Exosomal miR-3174 promotes angiogenesis and enhances vascular permeability by targeted inhibition of HIPK3

To explore the target genes of exosomal miR-3174 in HUVECs, we probed the potential target genes of miR-3174 in four public databases

(TargetScan, miRWalk, miRDB, and miRPathDB). Totally, 47 genes were selected as potential target of miR-3174 by Venn diagram and data-

base retrieval (Figure 4A). To find the genes specifically expressed in HUVECs, we explored the single-cell database PanglaoDB and found

that homeodomain-interacting protein kinase 3 (HIPK3) wasmainly expressed in endothelial cells (ECs) and fibroblasts (Figure S2A). Pearson’s

correlation analysis of HIPK3 expression levels and the abundances of interstitial cells in HCC tissues based on TCGA-LIHC database

confirmed that HIPK3was remarkedly associatedwith the abundance of ECs (r = 0.61) (Figure S2B). Moreover, we foundHIPK3was alsomainly

enriched in three types of cells in liver including VECs based onHPA database exploration (Figure S2C). HIPK3 was thus identified as potential

target of miR-3174 in HUVECs. Pan-cancer analysis of HIPK3 in Timer database confirmed that HIPK3 was low-expressed in cancer tissues

including HCC (Figure S2D). Consistently, the expression levels of HIPK3 in HCC cell lines (Hep-3B, HCC-LM3) was lower than that in hepa-

tocytes (QSG-7701) (Figure S2E). Survival analysis via Kaplan-Meier Plotter database also showed that low expression level of HIPK3 meant

shorter overall survival (OS), relapse-free survival (RFS), and disease-specific survival (DSS) of HCC patients (Figures S2F–S2H). Western blot

analysis of three pairs of tissues confirmed that HIPK3was lower expressed in HCC than that in adjacent tissues (Figure S2I). Similarly, RT-qPCR

analysis also indicated that HIPK3 was highly expressed in adjacent liver tissues than that in HCC tissues (n = 80) (Figure 4B). Pearson’s cor-

relation analysis showed that the expression level of HIPK3 was negatively correlated with miR-3174 in HCC samples (n = 80) (Figure 4C). Sub-

sequently, we obtained the predicted binding sites of 30- UTR region of HIPK3 and miR-3174 from TargetScan database, which were then

mutated (Figure 4D). Confirmed by dual luciferase report experiment, the luciferase activity in HEK293T cells transfected with HIPK3-WT-

30UTR plasmids was abated significantly in the presence of miR-3174mimics. However, little change in other groups was detected (Figure 4E).

Therefore, HIPK3 might be targeted and silenced by miR-3174.

HIPK family acts as transcriptional coregulators involved in various cellular biological activities.13 We suspected that exosomal miR-3174-

mediated vascular permeability and angiogenesis of HUVECs relied on HIPK3 and its downstream signaling pathway. We performed Gene

Ontology (GO) enrichment analysis on miR-3174 (Threshold, p value<0.05) and predicted the proteins that can interact with HIPK3 in STRING

database. We noticed that both miR-3174 and HIPK3might be associated with p53 signaling pathway (Figures S1D and 4F). Similarly, accord-

ing to the correlation analysis and single-sample gene set enrichment analysis (ssGSEA) based on TCGA-LIHC database, the expression level

of HIPK3 was positively correlated with the expression level of TP53 and the activation of p53 signaling pathway in HCC (Figures 4G and 4H).

Then, we simulated the binding of HIPK3 and p53 protein bymolecular docking on HSYMDOCK server, and themodel was shown in the chart

(confidence score = 0.93) (Figure 4I). To verify the binding of HIPK3 and p53, immunofluorescence was performed and confirmed that HIPK3

Figure 2. Exosomal miR-3174 promotes angiogenesis and enhances permeability of HUVECs in vitro

(A and B) The percentage of healing area of HUVECs incubated with exosomes secreted by cells in four groups: Hep-3B/mock, Hep-3B/miR-3174, HCC-LM3/NC,

and HCC-LM3/inhibitor-miR-3174 for 72 h in scratch healing assay. Scale bar represents 100 mm.

(C and D) The numbers of migrated HUVECs incubated with exosomes secreted by cells in abovementioned four groups in transwell migration assay. Scale bar

represents 100 mm.

(E and F) The numbers of tubes formed by HUVECs incubated with exosomes secreted by cells in abovementioned four groups in tube formation assay. Scale bar

represents 100 mm.

(G and H) The numbers of sprouts formed by HUVEC spheroids cocultured with exosomes secreted by cells in abovementioned four groups for 48 h in 3D

spheroid sprouting assay. Scale bar represents 50 mm.

(I and J) Fluorescence intensities at OD 590 nm of the HUVECs treated with Rhodamine B isothiocyanate-dextran (70 kDa) detected at 1, 2, 3, and 4 h after

exposure to exosomes derived from cells in abovementioned four groups for 72 h. Error bars represent mean G SEM of three replicates (n = 3). (*p < 0.05,

**p < 0.01, ***p < 0.001).

ll
OPEN ACCESS

iScience 27, 108955, February 16, 2024 5

iScience
Article



Figure 3. Exosomal miR-3174 promotes HCC progression and metastasis by inducing angiogenesis and enhancing vascular permeability in vivo

(A and B) Effect of exosomes derived from cells in four groups: Hep-3B/mock, Hep-3B/miR-3174, HCC-LM3/NC, and HCC-LM3/inhibitor-miR-3174 on vascular

outgrowth of aortic rings. Vascular outgrowth was quantified by counting all sprouts from aortic rings. Error bars representmeanG SEMof three replicates (n = 3).

Scale bar represents 100 mm.

(C) Photographs of xenograft tumor obtained from the nude mice injected by exosomes derived from Hep-3B/mock and Hep-3B/miR-3174. (n = 6).

(D and E) Volumes and weights of the xenograft tumors in the groups of Hep-3B/mock-exo and Hep-3B/miR-3174-exo (n = 6).

(F) RT-qPCR analysis of miR-3174 expression levels in xenograft tumors in Hep-3B/mock-exo and Hep-3B/miR-3174-exo groups.

(G) Effect of exosomal miR-3174 on intratumoral microvessel density (CD34) and progression (Ki67) of xenograft tumors in the groups of Hep-3B/mock-exo and

Hep-3B/miR-3174-exo: CD34 and Ki67 expression levels were measured by immunohistochemical staining. Scale bar represents 50 mm.
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(green) could bind to p53 (red) in the nuclei of HUVECs (DAPI) (Figure 4J). CO-IP assays further confirmed that HIPK3 is a binding partner of

p53 in HUVECs transfected with HIPK3-flag plasmids (Figure 4K). Finally, western blot analysis and immunofluorescence staining also ex-

hibited that the expression levels of HIPK3, p53, Fas, ZO-1, VE-cadherin (VE-cad), and cleaved Caspase-3 in HUVECs treated with Hep-3B/

miR-3174-exo were decreased significantly but VEGFR-2 was upregulated. On the contrary, the opposite results appeared in HCC-LM3/in-

hibitor-miR-3174-exo group (Figures 4L and 4M). The above results revealed that exosomalmiR-3174 can promote angiogenesis and enhance

vascular permeability by inhibiting HIPK3/p53 and HIPK3/Fas signaling pathways.

The enhancement of exosomal miR-3174 on angiogenesis and vascular permeability can be reversed by HIPK3 or GW4869

in vitro

To investigate whether HIPK3 was essential in exosomalmiR-3174-mediated angiogenesis and vascular permeability, we transfected HUVECs

with HIPK3 overexpression plasmids (Hep-3B/miR-3174-exo+HIPK3) and treated Hep-3B cells with GW4869 to inhibit the secretion of exo-

somes (Hep-3B/miR-3174-exo+GW4869). Scratch healing assay and transwell migration assay showed that the migration of HUVECs could

be inhibited by HIPK3 or GW4869 compared with that in Hep-3B/miR-3174-exo group (Figures 5A–5D). Angiogenesis of HUVECs was re-

vealed to be weakened by HIPK3 or GW4869 in tube formation assay and 3D spheroid sprouting assay (Figures 5E–5H). In line with that, inter-

vention of HIPK3 or GW4869 administration attenuated the enhancement of exosomal miR-3174 on vascular permeability (Figure 5I). Above

all, HIPK3 was critical in exosomal miR-3174-induced angiogenesis and permeability of HUVECs.

The enhancement of exosomal miR-3174 on angiogenesis and metastasis can be reversed by HIPK3 or GW4869 in vivo

To further clarify the necessity of HIPK3 in miR-3174-induced alteration of vascular phenotypes, in vivo experiments were also performed.

Aortic ring assay demonstrated that the ability of Hep-3B/miR-3174-exo to improve aortic ring budding was markedly inhibited by treatment

with HIPK3 plasmids or GW4869 (Figures 6A and 6B). In xenograft tumor models, size and weight of the implanted tumors in Hep-3B/miR-

3174-exo+HIPK3 group were lower than those in Hep-3B/miR-3174-exo group (Figures S2J–S2L). Immunohistochemical staining analysis

showed that the expression levels of Ki67 and CD34were decreased, whereas HIPK3 was upregulated in Hep-3B/miR-3174-exo+HIPK3 group

(Figure S2L). Similarly, upregulation of HIPK3 also reduced the vascular permeability and fluorescence intensity of Rhodamine B in implanted

tumors (Figures S2M and S2N). In the lung metastasis models, we also discovered that upregulation of HIPK3 or GW4869 treatment

decreased the number of pulmonarymetastatic nodules and the permeability of blood vessels (Figures 6C–6G). Immunofluorescence staining

showed that in HIPK3 and GW4869 groups, CD34 was less evident, whereas HIPK3 was highly expressed in VECs of lung tissues compared

with those in Hep-3B/miR-3174-exo group (Figure 6H). Western blot analysis and immunofluorescence staining of HUVECs revealed that in

Hep-3B/miR-3174-exo+HIPK3 group and Hep-3B/miR-3174-exo+GW4869 group the expression levels of HIPK3, Fas, p53, VE-cad, ZO-1, and

cleaved Caspase-3 were increased significantly, whereas VEGFR-2 was downregulated compared with those in Hep-3B/miR-3174-exo group

(Figures 6I and 6J). Collectively, upregulation of HIPK3 or pretreatment with GW4869 could inhibit the enhancement of exosomalmiR-3174 on

angiogenesis and vascular permeability. The activation of HIPK3/p53 and HIPK3/Fas pathways further curbed the progression andmetastasis

of HCC.

Hypoxia induces HCC cells to secret more exosomal miR-3174

Even that, we have demonstrated that exosomal miR-3174 can be secreted by HCC cells The mechanisms of miR-3174 upregulation in HCC

and howmiR-3174 was packaged into exosomes remained indistinct. It is well known that hypoxia is a common factor to affect the expression

levels and secretion of exosomalmiRNAs in cancer cells.14 To confirm this inference, we discovered that exosomes secreted by Hep-3B cells in

hypoxia (5%O2) group were more than those in normoxia (20%O2) group under the same visual field (Figure 7A). Western blot analysis ex-

hibited that the exosomes isolated under normoxia or hypoxia were all positive for the markers of exosomes (ALIX, TSG101, CD63, and

CD9) (Figure 7B). NTA analysis confirmed that the concentration of exosomes secreted by Hep-3B cells under hypoxia was higher than

that under normoxia (Figure 7C). In addition, under hypoxia, more exosomes labeled with PKH67 were observed to be ingested by

HUVECs (Figure 7D). Consistently, miR-3174 was found to be upregulated under hypoxia in Hep-3B and HCC-LM3 cells by RT-qPCR analysis

(Figure 7E). As we all know, HIF-1a and HIF-2a are the most common transcriptional regulators to dominate the biological behavior of HCC

under hypoxia. We supposed that HIF-1a and HIF-2amay be involved in controlling HCC exosome secretion. Under electronmicroscope, we

observed that the exosomes derived fromHep-3B cells decreasedobviously in HIF-1a knockeddowngroup (Si-HIF-1a VS Si-NC-1) rather than

that in HIF-2a knocked down group (Si-HIF-2a VS Si-NC-2) (Figure S3A), implying that HIF-1a was mainly involved in regulation of HCC exo-

some secretion. To explore the mechanism of upregulation of miR-3174 in HCC cells caused by hypoxia, we queried the mirTrans database

Figure 3. Continued

(H and I) Effect of exosomal miR-3174 on vascular permeability in xenograft tumor tissues in the groups of Hep-3B/mock-exo and Hep-3B/miR-3174-exo.

Intensities of rhodamine–dextran fluorescence in xenograft tumor tissues were quantified and normalized to the intensities of DAPI. Scale bar represents 50 mm.

(J and K) Photographs and H&E staining images of lung metastasis tissues in Hep-3B/mock and Hep-3B/miR-3174 groups. The numbers of lung metastatic

nodules (indicated by arrows) were counted under the microscope (n = 5). Scale bar represents 50 mm.

(L and M) Effect of exosomal miR-3174 on vascular permeability in lung metastasis tissues of nude mice in the groups of Hep-3B/mock-exo, Hep-3B/miR-3174-

exo, HCC-LM3/NC-exo, and HCC-LM3/inhibitor-miR-3174-exo. Intensities of rhodamine–dextran fluorescence in lung metastasis tissues were quantified and

normalized to the levels of DAPI. Scale bar represents 50 mm. Error bars represent mean G SEM. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. HCC-derived exosomal miR-3174 targetedly inhibits HIPK3/p53 signaling pathway in HUVECs

(A) Venn diagram displaying the potential target genes of miR-3174 predicted by four different prediction databases (TargetScan, miRWalk, miRDB, and

miRPathDB).

(B) RT-qPCR analysis of HIPK3 expression levels in HCC tissues and adjacent normal liver tissues (n = 80).

(C) Pearson’s correlation analysis of expression levels of miR-3174 and HIPK3 in HCC tissues (n = 80). Pearson’s correlation coefficient (r) and p value are shown in

the chart. p value is from Pearson’s test.

(D) Original and mutated 30UTR sites of HIPK3 potential to bind miR-3174 predicted by TargetScan database.

(E) Luciferase intensities of HEK293T cells co-transfected with WT HIPK3 3’ -UTR or MUT HIPK3 3’ -UTR and miR-3174 mimics or negative control

oligoribonucleotides (mimic-NC) by dual luciferase report experiment.

(F) Predicted proteins’ potential to interact with HIPK3 in STRING database.
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and found that HIF-1a probably was the potential transcriptional regulator of miR-3174. Western blot analysis was performed to verify the

upregulation of HIF-1a in Hep-3B and HCC-LM3 cells under hypoxia (Figure 7F). The potential binding site of HIF-1a andmiR-3174 promoter

region obtained from the JASPAR database was shown in the chart (Figure 7G). ChIP assay exhibited that HIF-1a under hypoxia was enriched

in the predicted binding sequence of miR-3174 promoter region as detected by agarose gel electrophoresis (Figure 7H). Further dual lucif-

erase report experiment confirmed that the luciferase activity in HEK293T cells cotransfected with pc DNA-HIF-1A andmiR-3174 pro-WT was

abated significantly compared with other groups (Figure 7I). In summary, the abovementioned experimental results showed that HIF-1a posi-

tively regulated the transcription of miR-3174 in HCC cells under hypoxia.

To clarify howmiR-3174 was loaded into exosomes in HCC cells, we predicted the proteins potential to bindmiR-3174 by the RBPDB data-

base. The top three proteins potentially binding tomiR-3174 were SFRS2, HNRNPA1, and ACO1 (Figure 7J). Then, we constructed siRNAs for

these proteins respectively. The transfection efficiency was verified (Figures S3B–S3D). By analyzing the TCGA-LIHC database, we found that

there was a significant positive correlation between HNRNPA1 and miR-3174 in HCC tissues (Figure S1E). Subsequent RT-qPCR analysis re-

vealed that the expression level of miR-3174 in exosomes was downregulated dramatically in si-HNRNPA1 group, whereas the expression

level of miR-3174 in Hep-3B cells changed inapparently (Figures S3E and S3F), suggesting that HNRNPA1 might be the critical regulator

for the process of packaging miR-3174 into exosomes. Meanwhile, HNRNPA1 was found high-expressed in most cancer tissues including

HCC in TCGAdatabase (Figure S3G). TheOS anddisease-free survival (DFS) rates of HCCpatients with high-expressedHNRNPA1were lower

than those in low-expressed group (Figures S3H and S3I). Interestingly, there was a strong positive correlation between HNRNPA1 and HIF1A

in TCGA-LIHC database (Figure S1F), prompting us to speculate that HNRNPA1might be modulated by hypoxia. As expected, both western

blot analysis and immunofluorescence staining showed that the expression levels of HNRNPA1 were increased in Hep-3B and HCC-LM3 cells

under hypoxia (Figures 7F and 7K). After silencing of HNRNPA1 in Hep-3B, exosomalmiR-3174 labeledwith Cy3 was decreased significantly in

HUVECs (Figure 7L). RIP assay was applied to confirm that in anti-HNRNPA1 group, HNRNPA1 and miR-3174 were enriched significantly

compared with immunoglobulin G (IgG) group (Figure 7M). Anyway, hypoxia-induced HIF-1a and HNRNPA1 further promote the transcrip-

tion and production of exosomalmiR-3174 in HCC cells. A schema diagramwas also drawn to illustrate the process of HCC-derived exosomal

miR-3174 induced by hypoxia regulating angiogenesis and permeability of VECs (Figure 8).

The prognosis of HCC patients with high-expressed miR-3174 is poor

To further explore the correlation between miR-3174 and clinical features of HCC, we divided 80 HCC patients into two groups (n = 40) ac-

cording to the median expression level of miR-3174. The detailed data are shown in Table 1. We found that high-expressed miR-3174 was

positively associatedwithmicrovascular invasion (MVI) in HCC (Table 1). Thenwe discovered that theOS of HCCpatients with high-expressed

miR-3174 in TCGA-LIHCdatabasewas lower than that in the low-level group (Figure S1G). In addition, the area under curve (AUC) ofmiR-3174

reached 0.63 (Figure S1H). Kaplan-Meier (K-M) analysis revealed that OS of HCCpatients with high-expressedmiR-3174 was lower than that in

the group with low-expressed miR-3174 (Figure S1I). To further verify our inference, these collected clinical data of HCC patients were all

incorporated into the cox proportional hazardsmodel. Univariate andmultivariate analysis showed thatmiR-3174 and tumor size can be acted

as independent predictors of OS of HCC patients (Table 2). Above all, miR-3174 might be a critical indicator for worse prognosis of HCC

patients.

DISCUSSION

MiR-3174 has been a newly discovered miRNA involved in regulating the occurrence and progression of various malignant tumors in recent

years. It has been reported that miR-3174 can drive the progression of cancers, including gastric cancer, HCC, and rectal cancer.12,15,16 For

example, miR-3174 was reported to weaken apoptosis and autophagy of gastric cancer cells via inhibiting ARHGAP10/p53 signaling

pathway.16 On the contrary, a few studies indicated that miR-3174 negatively regulated cancer progression.17,18 The research on bladder can-

cer exhibited that miR-3174 inhibited tumor proliferation by inhibiting ADAM15.18 However, previous studiesmostly focused on the effects of

miR-3174 on cancer cells, ignoring the possibility that miR-3174 can also regulate the crosstalk between cancer and other cells. Exosomes are

Figure 4. Continued

(G) Pearson’s correlation analysis of HIPK3 and TP53 expression levels in TCGA-LIHC database. Pearson’s correlation coefficient (r) and p value are shown. p value

is from Pearson’s test.

(H) Spearman’s correlation analysis of HIPK3 expression levels and p53 signaling pathway scores in TCGA-LIHC database. Spearman’s correlation coefficient

(r) and p value are shown. p value is from Spearman’s test.

(I) The structural model of the binding of HIPK3 and p53 on HSYMDOCK Server.

(J) Colocalization analysis of HIPK3 (red) and p53 (green) in HUVECs (DAPI) by immunofluorescence staining. Scale bar represents 10 mm.

(K) CO-IP assay performed to verify the binding of HIPK3 and p53 in HUVECs. (Left) Western blot analysis of HIPK3 (labeled with flag) and p53 expression levels in

Input, anti-IgG, and anti-p53 (IP) groups. (Right) Western blot analysis of HIPK3 (labeled with flag) and p53 expression levels in Input, anti-IgG, and anti-HIPK3-

Flag (IP) groups.

(L) Western blot analysis of expression levels of HIPK3, p53, Fas, VEGFR-2, ZO-1, VE-cad, and cleaved Caspase-3 in HUVECs incubated with exosomes derived

from Hep-3B/mock, Hep-3B/miR-3174, HCC-LM3/NC, and HCC-LM3/inhibitor-miR-3174. b-actin was used as the loading control.

(M) The fluorescence intensities of ZO-1 (red) and VE-CAD (green) in HUVECs incubated with exosomes derived from Hep-3B/mock, Hep-3B/miR-3174, HCC-

LM3/NC, and HCC-LM3/inhibitor-miR-3174 by immunofluorescence staining. Scale bar represents 25 mm. Error bars represent MeanG SEM of three replicates

(n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. The enhancement of exosomal miR-3174 on angiogenesis and vascular permeability of HUVECs can be reversed byHIPK3 or GW4869 in vitro

(A and B) The percent of healing area of HUVECs incubated with exosomes secreted by Hep-3B cells in four groups: mock, miR-3174, miR-3174+GW4869 and

miR-3174+HIPK3 for 72h in scratch-healing assay. Scale bar represents 100 mm.

(C and D) Numbers of migrated HUVECs incubated with exosomes secreted by Hep-3B cells in abovementioned four groups in transwell migration assay. Scale

bar represents 100 mm.

(E and F) Numbers of tubes formed by HUVECs incubated with exosomes secreted by Hep-3B cells in abovementioned four groups in tube formation assay. Scale

bar represents 100 mm.
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well-known important carriers that can transmit hereditary substances between cells in TME.19 In this study, we first revealed that exosomal

miR-3174 delivered to VECs induces angiogenesis and impairs functional integrity of VECs, resulting in increased vascular permeability and

metastasis. Exosomal miRNAs act as a bridge between HCC and VECs in TME. Except VECs, exosomal miRNAs secreted by cancer cells also

affect multiple cells, including fibroblasts, macrophages, and neutrophils.20–22 For example, Yuan Ying et al.20 found that exosomalmiR-21-5p

from colorectal cancer (CRC) induced macrophages to differentiate into tumor-associated M2 macrophages and upregulated PD-L1 to

further assist the immune escape of CRC. Our study confirmed that ingesting HCC-derived exosomes, VECs can migrate and form new

vascular cavities with destructed integrity. Neovascularization accelerates HCC progression and high leakiness of blood vessels is conducive

to HCCmetastasis.3 In short, our study explained that exosomal miR-3174 can be transmitted to VECs and participate in remodeling the sur-

rounding neovascularizations to assist HCC progression and metastasis.

By bioinformatic analysis, we predicted that the target gene of miR-3174 was HIPK3, and it has been proven by dual luciferase reporter

assay. HIPK3 is subordinate to the family of homologous domain interacting protein kinases (HIPKs) in the GMSC kinase group. HIPKs are

composed of HIPK1-4.23 The relationship amongHIPK1-3 is themost intimate, of which approximately 87% sequences in their kinase domains

are consistent.23 HIPK1-3 interacts with other proteins sharing a complex domain system, especially the C-terminal of a region rich in serine,

glutamate, and alanine (SQA) residues.24 Recent studies have confirmed that HIPK3 is involved in mediating proliferation, angiogenesis,

apoptosis, and signal transduction of cancer cells.13 Previous studies have proven that HIPK2 in HIPKs family can activate p53 signaling

pathway to inhibit the progression and angiogenesis of cancers.25 P53 signaling pathway plays an important role in regulating migration,

permeability, and angiogenesis of VECs. P53 in VECs inhibits the abnormal formation of blood vessels and the increases of leakage effec-

tively.26 Given that, we speculated that HIPK3, highly homologous to HIPK2, might activate p53 pathway. Combined with bioinformatic

analysis and experimental results, we verified for the first time that HIPK3 regulates angiogenesis and permeability via p53 pathway in

VECs. Moreover, HIPK3 was also known to mediate cell proliferation and apoptosis through Fas signaling pathway.27 In our study, we also

found that miR-3174 inhibited the HIPK3/Fas signaling pathway, thus promoting the angiogenesis and proliferation of HUVECs. Above all,

HIPK3 plays an important role in inhibiting angiogenesis and permeability of VECs.

Interestingly, miRNAs in exosomes are not randomly selected by HCC cells. The process of transcription and packaging of miRNA into exo-

somes is monitored by complex regulatory mechanisms.26 Exosomal miRNAs are important components of TME and easily affected by envi-

ronmental changes in TME. For example, hypoxia stimulates the production of exosomes and induces HIF-1a to promote the transcription of

miRNAs packaged into exosomes.19,28 In our study, we confirmed that hypoxia induces the upregulation of HIF-1a in HCC cells, which then

accelerates the releases of exosomes andenhances the transcription ofmiR-3174. Similarly, theprocess ofmiR-3174 transported into exosomes

is also regulated by RNA-binding proteins (RBP) named HNRNPA1. Heterogeneous nuclear ribonucleoproteins (HNRNPs) are important pro-

teins that control the packaging of cargoes into exosomes.29 It has been proven that HNRNPA1 is involved in the sorting of miRNAs into exo-

somes.30 In this study, we proved that HNRNPA1 can be upregulated by hypoxia and promotes miR-3174 loaded into exosomes. Anyway, our

study revealed that hypoxia can induce HCC cells to secret more exosomal miR-3174 by upregulating HIF-1a and HNRNPA1.

In summary, our study has further confirmed that exosomal miR-3174 can promote angiogenesis and metastasis of HCC by inhibiting

HIPK3 in VECs. Under hypoxia, HIF-1a and HNRNPA1 can promote the secretion of exosomal miR-3174 in HCC cells. However, there are still

some deficiencies in this study. First, we failed to collect enough peripheral blood samples from HCC patients to further analyze the expres-

sion levels of exosomal miR-3174 in the blood of HCC patients. In addition, we have not synthesized a blocking drug of exosomal miR-3174 to

prevent its transmission to vascular endothelial cells. Our study revealed a newmechanism by which HCC-derived exosomes regulate angio-

genesis and permeability of blood vessels. Exosomal miR-3174 may become a new monitoring indicator or therapeutic target for HCC.
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Figure 5. Continued

(G and H) Numbers of sprouts formed by HUVEC spheroids cocultured with exosomes secreted by Hep-3B cells in abovementioned four groups for 48 h in 3D

spheroid sprouting assay. Scale bar represents 50 mm.

(I) Fluorescence intensities at OD 590 nm of HUVECs treated with rhodamine-dextran (70 kDa) detected at 2 h and 4 h after exposure to exosomes derived from

Hep-3B cells in abovementioned four groups for 72 h. Error bars represent mean G SEM of three replicates (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. The enhancement of exosomal miR-3174 on angiogenesis and metastasis of HCC can be reversed by HIPK3 in vivo

(A and B) Effect of exosomes derived from Hep-3B cells in four groups: mock, miR-3174, miR-3174+GW4869, and miR-3174+HIPK3 on vascular outgrowth of

aortic rings. Vascular outgrowth was quantified by counting the sprouts formed by aortic rings. Error bars represent mean G SEM of three replicates (n = 3).

Scale bar represents 100 mm.

(C–E) Photographs andH&E staining images of lungmetastasis obtained from the nudemice injected by Hep-3B-cell-derived exosomes in abovementioned four

groups. The numbers of lung metastatic nodules (indicated by arrows) were also shown in the chart (n = 5). Scale bar represents 50 mm.

(F andG) Effect of exosomal miR-3174 on vascular permeability in lungmetastasis tissues of nudemice in abovementioned four groups. Intensities of rhodamine-

dextran fluorescence in lung metastasis tissues were quantified and normalized to the intensities of DAPI (n = 5). Scale bar represents 50 mm.

(H) The fluorescence staining analysis of CD34 (green) and HIPK3 (red) in lung tissues (DAPI) in abovementioned four groups. Scale bar represents 50 mm.

(I) Western blot analysis of expression levels of HIPK3, p53, Fas, VEGFR-2, ZO-1, VE-cad, and cleaved Caspase-3 in HUVECs in abovementioned four groups for 48

h. b-actin was used as the loading control.

(J) The fluorescence staining analysis of ZO-1 (red) and VE-CAD (green) in HUVECs in abovementioned four groups. Scale bar represents 25 mm. Error bars

represent mean G SEM. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 7. Hypoxia induces HCC to secrete more exosomal miR-3174

(A) Electron micrographs of exosomes derived from Hep-3B cells cultured under normoxia and hypoxia for 48 h. Scale bar represents 200 nm.

(B)Western blot analysis of expression levels of exosomemarkers (ALIX, TSG101, CD63, CD9) in Hep-3B cells and cell-derived exosomes cultured under normoxia

and hypoxia for 48 h.

(C) NTA analysis of the abundance of exosomes derived from Hep-3B cells cultured under normoxia and hypoxia for 48 h.

(D) Exosomes labeled with PKH67 (green) derived from Hep-3B cells cultured under normoxia and hypoxia for 48 h ingested by HUVECs (DAPI). Scale bar

represents 25 mm.

(E) RT-qPCR analysis of miR-3174 expression levels in Hep-3B cells and HCC-LM3 cells cultured under normoxia and hypoxia for 48 h.
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Figure 7. Continued

(F) Western blot analysis of expression levels of HIF-1a and HNRNPA1 in Hep-3B and HCC-LM3 cells cultured under normoxia and hypoxia for 48 h. b-actin was

used as the loading control.

(G) The sites of HIF-1a potential to bind to the promoter region of miR-3174 predicted by the JASPAR database.

(H) The ChIP assay was performed using primers specific for the predicted binding site of HIF-1a and promoter region of miR-3174 in Hep-3B and HCC-LM3 cells

cultured under hypoxia for 48 h. The expression levels of IP products in Input, IgG, and anti-HIF-1a groups were detected by western blot analysis (top). The

expression levels of PCR products were analyzed by agarose gel electrophoresis (bottom).

(I) Luciferase activities of HEK293T cells cotransfected with pcDNA-NCor pcDNA-HIF-1A together withmiR-3174 pro-WT ormiR-3174 pro-MUT in dual luciferase

report assay.

(J) (Top) The top 3 RNA-binding proteins’ potential to interact with miR-3174 predicted by RBPDB database (threshold = 0.5). (Bottom) The specific binding sites

of RNA-binding proteins: SFRS2, HNRNPA1, and ACO1.

(K) The fluorescence intensities of HNRNPA1 (red) in Hep-3B and HCC-LM3 cells (DAPI) cultured under normoxia and hypoxia for 48 h were analyzed by

immunofluorescence staining. Scale bar represents 25 mm.

(L) Exosomal miR-3174 labeled with Cy3 (red) ingested by HUVECs (DAPI) in Si-NC and Si-HNRNPA1 groups. The exosomes were isolated from Hep-3B cells

cotransfected with miR-3174 mimics-Cy3 and Si-NC or Si-HNRNPA1 for 48 h. Scale bar represents 25 mm.

(M) The RIP assay was performed to verify the predicted binding of HNRNPA1 andmiR-3174 in Hep-3B and HCC-LM3 cells cultured under hypoxia for 48 h. (Top)

The expression levels of IP products in Input, IgG, and anti-HNRNPA1 groups were detected by western blot analysis. (Bottom) The expression levels of miR-3174

in Input, IgG, and anti-HNRNPA1 groups were measured by qRT-PCR. Error bars represent meanG SEM of three replicates. (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 8. A schema diagram illustrating the role of HCC-derived exosomal miR-3174 induced by hypoxia in regulating angiogenesis and permeability of

VECs
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Table 1. Correlation between expression levels of miR-3174 and clinicopathological features of HCC patients

Clinicopathological parameters Number

Low (n = 40) High (n = 40)

p valuemiR-3174 miR-3174

Age(years) 80 0.284

%60 18 7 11

>60 62 33 29

Gender 80 0.210

Female 12 8 4

male 68 32 36

Liver cirrhosis 80 0.446

Yes 59 28 31

No 21 12 9

HBsAg 80 0.446

Positive 59 28 31

Negative 21 12 9

Virus titer (copies/mL) 80 0.805

%100 57 28 29

>100 23 12 11

AFP (ng/mL) 80 0.496

%20 33 18 15

>20 47 22 25

DCP (ng/mL) 80 0.340

%40 54 25 29

>40 26 15 11

Tumor size (cm) 80 0.369

%5 44 24 20

>5 36 16 20

Tumor multiplicity 80 0.499

Single 70 34 36

Multiple 10 6 4

Microvascular invasion 80 0.022a

Yes 21 6 15

No 59 34 25

Edmondson grade 80 0.302

I–II 60 32 28

III–IV 20 8 12

TNM stage 80 0.633

I–II 54 28 26

III–IV 26 12 14

aIndicates p < 0.05; AFP, a-fetoprotein; DCP, des-g-carboxy prothrombin.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

VE-cadherin Abcam Cat# ab313632; RRID: AB_313632

ZO-1 Abcam Cat# ab307799; RRID: N/A

TSG101 Abcam Cat# ab125011; RRID: AB_10974262

VEGFR-2 Abcam Cat# ab315238; RRID: N/A

Fas Abcam Cat# ab133619; RRID: AB_2940837

p53 Abcam Cat# ab26; RRID: AB_303198

HIPK3 Abcam Cat# ab72538; RRID: AB_1269085

Caspase-3 Abcam Cat# ab32351; RRID: AB_725946

HIF-1a Abcam Cat#ab179483; RRID: AB_2732807

DDDDK tag Abcam Cat# ab205606; RRID: AB_2916341

CD9 Abcam Cat# ab236630; RRID: AB_2922400
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ACO-1 Abcam Cat# ab183721; RRID: N/A

Ki-67 Abcam Cat# ab15580; RRID: AB_443209
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b-actin Proteintech Cat# 81115-1-RR; RRID: AB_2923704

HRP-IgG Proteintech Cat# SA00001-2; RRID: AB_2722564

CD-34 Servicebio Cat# GB111693-100; RRID: N/A

HNRNPA1 ABclonal Cat# A11564; RRID: AB_2861599

Experimental models: Cell lines

Hep-3B Pricella Cat# CL-0102; RRID: N/A

HCC-LM3 Pricella Cat# CL-0278; RRID: N/A

HEK293T Pricella Cat# CL-0005; RRID: N/A

PUMC-HUVEC-T1 Meisen CTCC Cat# CTCC-400-0265; RRID: N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal care ethics statement

Mice were used in strict accordancewith the recommendations in theGuide for the Care andUse the Laboratory Animals of theNanjingMed-

ical University and Approval obtained from the Animal Ethics Committee of Nanjing Medical University (Approval Code: 2111041, Approval

Date: 17 November 2021). Mice were maintained under pathogen-free conditions in the animal facility and mice were sacrificed according to

the Guide for the Care and Use of Laboratory Animals of Nanjing Medical University.

This study and publication of clinical data were approved by the Ethics Committee of Nanjing Medical University. Written informed con-

sent was also signed by patients and their guardians. Animal experiments were also approved by the Animal Ethics Committee of Nanjing

Medical University (Approval Code: 2111041, Approval Date: 17 November 2021).

METHOD DETAILS

Patients, tissues and follow-up

The clinical data and tissues of 80 patients with HCC confirmed by pathology were collected from January 2014 to February 2020 in the

Department of Hepatobiliary Centre, the First Affiliated Hospital of Nanjing Medical University. All patients were treated with surgical pro-

cedures. They were followed up by telephone or outpatient review, and the follow-up period extended up to 31th February 2021.This study

was approved by the institutional ethical review board, and written informed consent was signed by all patients and their guardians.

Cell lines and culture

HCC cell lines (Hep-3B, HCC-LM3) and HEK293T cells were purchased from Shanghai Institute of cell biology, Chinese Academy of Sciences

(Shanghai, China). They were cultured in DMEM medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with high glucose, 10% fetal

bovine serum (FBS) (TransGen Biotech, Beijing, China) and 1% Penicillin-Streptomycin (TransGen Biotech, Beijing, China). HUVECs

(PUMC-HUVEC-T1) were acquired from Chinese Academy of Sciences (Meisen CTCC, Zhejiang, China) and were grown in ECM specific me-

dium (Meisen CTCC, Zhejiang, China). All the above cells were placed in a cell incubator containing 5% CO2 at 37�C. Under normoxia, cells

were cultured in a cell incubator containing 20% O2 at 37�C. To simulate anoxic condition, the cells were cultured in a tri-gas incubator con-

taining 5% O2 at 37�C.

Isolation and identification of exosomes from HCC cells

HCC cells were cultured in complete medium containing 10% FBS without exosomes and the medium was collected after 48h. Modified ul-

tracentrifugation was adopted to extract exosomes, following MISEV 2018 guidelines.31 The collected supernatant was first centrifuged at

500g for 10 min at 4�C to remove dead cells and then it was centrifuged again at 2000g for 20 min at 4�C to eliminate cell debris. The liquid

was centrifuged at 10000g for 30 min at 4�C and filtered through a sieve with 0.22mm aperture to clear larger vesicles. Finally, the filtrate was

ultracentrifuged twice at 110000g for 70 min at 4�C each time with an Optima XPN-100 Ultracentrifuge (Beckman Coulter, USA). The precip-

itates obtained from supernatant were resuspended with phosphate buffered saline (PBS) and stored at -80�C. The collected exosomes were

observed under a FEI Tecnai G2 Spirit Bio TWIN transmission electron microscope (FEI, USA) and the abundance and particle size of exo-

somes were detected by a Zetasizer Ultra particle tracker (Malvern, UK).

Transfection and treatment of HCC-derived exosomes

Mimics and inhibitor of miR-3174 (RiboBio, Guangzhou, China) marked by Cy3 (red) were loaded into HCC-derived exosomes by a modified

calcium chloride-mediated transfection method according to previous research of Zhang et al.32 Then these exosomes were labelled with

PKH67 (green) dye liquid (Sigma-Aldrich, St. LouisMO, USA) and centrifuged again at 110000g for 70min at 4�C to remove excess fluorescent

dyes. Fluorescent labelled exosomes were incubated with HUVECs in dark at 37�C for 24h and the phagocytosis of exosomes by HUVECs was

observed by a Stellaris STED laser confocal microscope (LEICA, Germany).

In previous study, we found that miR-3174 was expressed the highest in HCC-LM3 cells and the lowest in Hep-3B cells.12 According to this,

MiR-3174mimics andmimic-NC (RiboBio, Guangzhou, China) as control were first loaded into exosomes derived fromHep-3B cells by above

method. Then these exosomes containing miR-3174 mimics (Hep-3B/miR-3174-exo) or mimic-NC (Hep-3B/mock-exo) were co-cultured with

HUVECs for 48h to construct miR-3174 overexpression models of HUVECs. MiR-3174 knockdown models of HUVECs were constructed by

miR-3174 inhibitor (HCC-LM3/inhibitor-miR-3174-exo) and inhibitor-NC (HCC-LM3/NC-exo) as control in the same way. In the rescue assays,

in order to inhibit the exosomes secreted by HCC cells, an inhibitor of exosomes named GW4869 (Sigma-Aldrich, St. Louis MO, USA) was

added before these exosomes were isolated (Hep-3B/miR-3174-exo+GW4869). In the group of Hep-3B/miR-3174-exo+HIPK3, HUVECs

were transfected with HIPK3 overexpression plasmids (CoreusBiotech, Nanjing, China) by Lipofectamine 3000 (Invitrogen, USA).

Scratch-healing assay

Scratching-healing assay was performed in 6-well culture plates (Corning, USA).When the confluence of HUVECs reachedmore than 95%, the

scratch is simulated with the tip of 200ul pipette gun. After 72h, wound closure was observed and photographed under an inverted
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microscope (ZEISS, Germany) and the percentage of closure area was measured and analyzed by Image J software. All experiments were

performed in triplicate and each assay was repeated three times.

Transwell migration assay

250ul serum-free medium suspension containing HUVECs (4310^4 cells/well) was added to each upper transwell chamber (8um pore size;

Corning, USA) and 600ul medium with 20% FBS was poured into each lower chamber. After 24h, HUVECs in lower chambers were fixed with

4% paraformaldehyde, stained with 0.5% crystal violet for 30 minutes, washed and dried in turn. Finally, the lower chambers were photo-

graphed under a microscope and the numbers of migrated HUVECs were analyzed by Image J software. All experiments were performed

in triplicate and each assay was repeated three times.

Tube formation assay

Tube formation assay was performed in 24-well culture plates. Before the experiment, the bottom of each well was covered with 200ul ma-

trigel (BD, USA) and incubated for 30min at 37�C. After thematrigel was solidified, 10310^4 cells were seeded into each well and cultured for

12h. The number of rings formed by HUVECs in each group was calculated by Image J software. All experiments were performed in triplicate

and each assay was repeated three times.

3D spheroid sprouting assay

The 3D spheroid sprouting assay was launched to evaluate the angiogenesis ability of HUVECs. Before the experiment, HUVECs (2000/well)

were seeded into 96-well ultra-low adsorption culture plates with U-shaped bottom (Corning, USA) and cultured for 48h. During this period,

HUVECs were treated under different conditions. After the spheroids were formed, they were centrifuged and resuspended in ECMmedium

with 20% methylcellulose for use. Then, type I collagen (Corning, USA), NaOH(1M) and ECM medium were mixed on ice in the ratio of 8:1:1

and the collagen solution was mixed with HUVEC spherical suspension in the ratio of 1:1.33 Total 150ul/well solution was added into the

96-well culture plates and 150ul/well ECMmedium was supplemented after collagen solidification. After HUVEC spheroids were embedded

in collagen and cultured for 3 days, the numbers of sprouts were estimated by Image J software. All experiments were performed in triplicate

and each assay was repeated three times.

In vitro HUVECs permeability assay

Total 5310^4 cells/well were seeded on the top of transwell chambers (0.4umpore size; Corning, USA) in advance and co-cultured with HCC-

derived exosomes for 3 days.WhenHUVECs completely covered the upper chambers, rhodamine B isothiocyanate-dextran (Sigma, USA) was

added into them and 10ul medium in each lower chamber was collected every hour for fluorescence intensity detection at 590nm emission

and 544 nm excitation by fluorometer (Biotek synergy H1; Biotek, USA). All experiments were performed in triplicate and each assay was

repeated three times.

Aortic ring assay

The thoracic aortas obtained from 6-week-oldWild Type (WT)mice were cut into 0.5mm- long rings after removing their adventitias. The rings

were embedded in 96-well plates coated with matrigel and incubated for 30 minutes at 37�C, then conditioned medium was added to each

well. After 7 days, the numbers of sprouts formed by aortic rings were measured by Image J software. All experiments were performed in

triplicate and each assay was repeated three times.

Animal disease models and in vivo vascular permeability assay

All relevant animal experiments were approved by the Animal Ethics Committee of NanjingMedical University (Nanjing, China). In subcutane-

ous tumor transplantation experiment, 6-week-old BALB/c nude mice (n=24) obtained from the Animal Experiment Center of Nanjing Med-

ical University (Nanjing, China) were randomly divided into 4 groups (each group, n=6) and they were injected subcutaneously with HCC-LM3

or Hep-3B cells (10^6 cells/100ml, 100ml/ mouse). Not only that, they were injectedwith HCC-derived exosomes (5ug/mouse) via tail vein every

3 days for 2 weeks. On the 35th day after inoculation, all nudemice were sacrificed and the tumors were separated, photographed, measured

and weighted. For construction of lung metastasis models, all nude mice (n=20) were randomly divided into 4 groups (each group, n=5) and

injected with Hep-3B or HCC-LM3 cells (10^6 cells/100ml, 100ml/ mouse) via tail vein. Simultaneously, they were injected with HCC-derived

exosomes (5ug/mouse) via tail vein every 3 days for 4 weeks. On the 60th day after injection, all nudemice were injected with PKH-67 labelled

exosomes (green) and rhodamine B isothiocyanate-dextran (red) via tail vein. After 3h, they were sacrificed and their lungs were perfused with

PBS to eliminate excess dyes. In the rescue assays, HCC cells in Hep-3B/miR-3174-exo+GW4869 groupwere pretreatedwithGW4869. In Hep-

3B/miR-3174-exo+HIPK3 group, miR-3174 mimics and overexpression HIPK3 plasmids were simultaneously loaded into exosomes by above

method.14 The lung tissues were photographed and stained with immunofluorescence and haematoxylin & eosin (H&E).

Dual luciferase reporter assay

HEK293T cells seeded on 6-well plates were co-transfected withmiR-1275mimics or NC duplex (labelled with Renilla luciferase) and plasmids

containing WT or mutant 3’-UTR of HIPK3 (labelled with firefly luciferase). After 48h, all cells were lysed and the fluorescence intensity was
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measured by fluorometer according to the instruction of kit (Vazyme, Nanjing, China). All experiments were performed in triplicate and each

assay was repeated three times.

Immunohistochemical and immunofluorescent staining

The tissues or samples were fixed with 4% paraformaldehyde and then they were embedded in paraffin for immunohistochemical staining or

in Tissue-Tek OCT (Miles, USA) for immunofluorescent staining. Primary antibodies used in immunohistochemical staining assay contained

anti-Ki67(Abcam, UK) and anti-CD34 (Servicebio, Wuhan, China). Primary antibodies applied to immunohistochemical staining assay con-

tained anti-VE-cadherin (Proteintech, Wuhan, China), anti-ZO-1 (Abcam, UK), anti-p53 (Abcam, UK), anti-HIPK3(Abcam, UK) and anti-

HNRNPA1 (ABclonal, Wuhan, China). Fluorescent labelled secondary antibodies (Proteintech, Wuhan, China) including red (594nm) and

green (488nm) were also involved in immunohistochemical staining assay.

Co-Immunoprecipitation (CO-IP) assay

Co-Immunoprecipitation (CO-IP) assay was explored to verify the interaction between p53 and HIPK3.Before this assay, HUVECs were trans-

fected with HIPK3 overexpressing plasmids labelled with flag. Primary antibodies anti-p53(Abcam, UK) and anti-DDDDK tag (Abcam, UK) and

nonspecific antibody anti-IgG (Abcam, UK) were prepared. This assay was performed according to the instructions of IP kit (Thermo-

fisher, USA).

Chromatin immunoprecipitation (ChIP) assay

HCC-LM3 and Hep-3B cells were cultured under hypoxia (5% O2) for 48h before Chromatin immunoprecipitation (ChIP) assay. primary anti-

bodies anti-HIF-1a (Abcam, UK) and anti-IgG (Abcam, UK) were prepared in advance. This assay was performed under the guidance of the

instructions of Pierce Agarose ChIP Kit (Thermofisher, USA). Sequence of the promoter region of miR-3174 was isolated from immunoprecip-

itation (IP) and amplified by PCR. The binding of HIF-1a and the promoter region of miR-3174 was finally verified by agarose gel electropho-

resis and dual luciferase reporter assays. The specific primer sequences were listed as follows (Table S1).

RNA immunoprecipitation (RIP) assay

RNA immunoprecipitation (RIP) assay was performed to explore the combination ofmiR-3174 andHNRNPA1. This assay was implemented on

the basis of instructions of Millipore Magna RIP RNA Binding Protein IP Kit (Millipore, MA, USA) and primary antibodies anit-HNRNPA1 and

anti-IgG were also prepared. The expression levels of miR-3174 in each group were detected by qRT-PCR.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNAs were extracted from tissues or cells by centrifugal column method (Vazyme, Nanjing, China). The purity and concentration of

RNAs were determined by Nanodrop 2000 microplate reader (Thermofisher, USA). Reverse transcription was experimented by the HiScript

II QRT SuperMix for qPCR (Vazyme, Nanjing, China). Quantitative real-time polymerase chain reaction (qRT-PCR) was implemented by

ChamQUniversal SYBR qPCRMasterMix (Vazyme,Nanjing, China) and 7900HT Fast Real-Time PCR System (ABI, USA). The primer sequences

were listed as follows (Table S1).

Western blot (WB) analysis

The specific primary antibodies involved in western blot(WB) analysis were as follows: anti- VE-cadherin (1:1000), anti-ZO-1 (1:1000), anti-

TSG101(1:1000, Abcam, UK), anti-VEGFR-2 (1:1000, Abcam, UK), anti-Fas (1:1000, Abcam, UK), anti-p53 (1:1000), anti-HIPK3 (1:1000), anti-Cas-

pase-3(1:1000, Abcam, UK), anti-HNRNPA1(1:1000), anti-HIF-1a(1:1000), anti-DDDDK tag(1:1000), anti-CD9 (1:1000, Abcam, UK), anti-

CD63(1:1000, Abcam, UK), anti-ALIX(1:1000, Abcam, UK), anti-b-actin(1:1000, Proteintech, Wuhan, China), anti-SFRS2(1:1000, Abcam, UK),

anti-ACO-1(1:1000, Abcam, UK). The secondary antibody was HRP-IgG (1:10000, Proteintech, Wuhan, China) and b-actin was used as internal

reference.

Bioinformatics analysis and online public databases

Several online public databases related to transcriptomeRNA sequencing data and clinical information of HCC samples fromTCGAdatabase

were applied to predict the functions and prognosis of miR-3174, HNRNPA1 and HIPK3, including StarBase (https://starbase.sysu.edu.cn/),

CancerMIRNome (http://bioinfo.jialab-ucr.org/CancerMIRNome/), GEPIA (http://gepia.cancer-pku.cn/), Timer (cistrome.shinyapps.io/

timer), Kaplan-Meier Plotter (http://kmplot.com/analysis/) and Human Protein Atlas (https://www.proteinatlas.org/). Four databases

(TargetScan, miRWalk, miRDB and miRPathDB) were used to predict target genes of miR-3174 and RBPDB (http://rbpdb.ccbr.utoronto.

ca/) was involved in exploring the binding site of miR-3174 and HNRNPA1. PanglaoDB single cell database (https://panglaodb.se/index.

html) was applied to predict cells that can specifically express HIPK3. The abundances of interstitial cells in HCC tissues based on TCGA-

LIHC database was measured by Microenvironment Cell Populations-counter (MCP-counter) algorithm via R software (version 4.1.0). The da-

tabases named JASPAR (https://jaspar.genereg.net/) and mirTrans (http://mcube.nju.edu.cn/jwang/lab/soft/mirtrans/) were applied to fore-

cast the transcription regulators of miR-3174. The protein database STRING (http://string-db.org/) was in use on predicting the interaction
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between p53 and HIPK3. Molecular docking was performed to simulate the combination of HIPK3 and p53 on HSYMDOCK Server (http://

huanglab.phys.hust.edu.cn/hsymdock/).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were collected from at least three independent assays. The means and standard deviations were exhibited in curve graphs. The Chi-

squared test and Student’s t test were applied to evaluate the significance of differences between groups. The experimental data were

analyzed by Graphpad prism 8.0 software. Clinical data and cox proportional-hazards model analysis were performed by SPSS 22.0 software.

Pearson’s correlation test was used for correlation analysis and Statistically significance was defined as p < 0.05 (*), p < 0.01 (**), and

p < 0.001 (***).
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