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miR-181a, delivered by hypoxic PTC-secreted
exosomes, inhibits DACT2 by downregulating
MLL3, leading to YAP-VEGF-mediated angiogenesis
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Papillary thyroid cancer (PTC) is the most common type of
thyroid cancer, and angiogenesis plays critical roles in its
recurrence and metastasis. In this study, we investigated the
effects of hypoxia-induced exosomal microRNA-181 (miR-
181a) from PTC on tumor growth and angiogenesis. Thy-
roid-cancer-related differentially expressed miR-181a was
identified by microarray-based analysis in the Gene Expression
Omnibus (GEO) database. We validated that miR-181a was
highly expressed in PTC cells and even more so in cells
cultured under hypoxic conditions, which also augmented exo-
some secretion from PTC cells. Exosomes extracted from PTC
cells with manipulated miR-181a and mixed-lineage leukemia
3 (MLL3) were subjected to normoxic or hypoxic conditions.
Human umbilical vein endothelial cells (HUVECs) were trans-
fected with miR-181a inhibitor/mimic or small interfering
RNA (siRNA)-MLL3 or treated with exosomes from hypoxic
PTC cells. Hypoxic exosomal miR-181a delivery promoted
proliferation and capillary-like network formation in HU-
VECs. Mechanistically, miR-181a targeted and inhibited
MLL3. Furthermore, miR-181a downregulated DACT2 and
upregulated YAP and vascular endothelial growth factor
(VEGF). Further, hypoxic exosomal miR-181a induced angio-
genesis and tumor growth in vivo, which was reversed by hyp-
oxic exosomal miR-181a inhibitor. In conclusion, exosomal
miR-181a from hypoxic PTC cells promotes tumor angiogen-
esis and growth through MLL3 and DACT2 downregulation,
as well as VEGF upregulation.

INTRODUCTION

Papillary thyroid cancer (PTC) is the most common type of thyroid
malignancy." The morbidity of PTC worldwide is increasing, and
metastatic events to lymph nodes are frequently occurring for PTC,
which is involved with tumor cell proliferation and angiogenesis.”
Despite optimized current treatments, which include surgery, radio-
iodine therapy, and thyroid-stimulating hormone suppression and
depletion, metastatic and aggressive spread occurs in approximately
5% of the PTC patients.” Emerging studies have proposed novel anti-
cancer biomarkers in PTC, which may provide new potential for
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treating patients with progressive disease.” The lack of well-tolerated
drugs and limited data about the pathophysiological processes
involved in metastatic thyroid cancer calls for further efforts toward
developing new biomarkers and treatments. Interestingly, exosomes
(EXs) secreted by cancer cells cultured under hypoxic conditions
load with non-coding microRNAs (miRNAs) implicated in the inter-
play of cancer and para-carcinoma cells, thus contributing to angio-
genesis of the tumor microenvironment.’

EXs are small membranous vesicles, which are involved in various
biological processes such as endothelial dysfunction and vascular re-
modeling.® EXs have been deciphered to participate in cellular commu-
nication through the shuttling of bioactive miRNAs, proteins, and
mRNAs.” While miRNAs do not code for proteins, they can modulate
expression of target proteins by regulating the degradation or transla-
tion of their targeted mRNA.® Emerging evidence shows that the pro-
gression and metastasis of PTC and other human cancers are mediated
by dysregulation of miRNAs.” Here we noted that miR-181a has been
extensively studied in a wide variety of human cancers, including
breast,'’ cervical,'' and gastric cancers.'”> A recent study has shown
that miR-181a promotes cell proliferation and inhibits apoptosis in
thyroid cancer,'”” and other research shows upregulation of miR-
181a content in PTC cell-derived EXs.'* In our study, TargetScan pre-
dicted histone-lysine N-methyltransferase-3 (MLL3, also known as
lysine N-methyltransferase 2C or KMT2C) to be a target gene for
miR-181a. MLL3, which belongs to the myeloid/lymphoid or mixed-
lineage leukemia (MLL) family, participates in the development of
1516 MLL3 functions as an H3K4mel methylase, 17
which other research indicates elevates the expression of disheveled
binding antagonist of beta-catenin 2 (DACT?2)."*'" Vascular endothe-
lial growth factor (VEGF) is a widely recognized trigger of angiogenesis

various cancers.
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Figure 1. High miR-181a expression is observed in
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PTC cells cultured under hypoxia condition
(A and B) miR-181a-5p expression predicted in GEO:
GSE103996 (A) and GSE73182 (B). The blue box on the

left indicates the expression of normal samples, the red
box on the right indicates the expression of thyroid cancer

samples, and the upper left corner is the p value indicating
the difference. (C) Cell viability under normoxic and hyp-
oxic conditions analyzed by CCK-8 assay. (D) miR-181a

expression in BCPAP, K1, and HTori-3 cells. (E) miR-
181a expression in BCPAP and K1 cells after 24 h incu-
bation under hypoxia. *p < 0.05, **p < 0.01, **p < 0.001
versus control samples, normoxic BCPAP and K1 cells or
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experiments were repeated in triplicate.

quantitative real-time polymerase chain reac-
tion (PCR) revealed that the miR-181a expres-
sion level was higher in BCPAP and K1 than
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HTori-3 cultured in normoxic condition (Fig-
ure 1D). miR-181a expression level was further
increased in BCPAP and K1 cells under hypoxia.
Since the change of miR-181a expression in
BCPAP cells was greater than that in K1 cells af-
ter induction of hypoxia (Figure 1E), we selected
the BCPAP cells for further studies.
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in the development of tumors,”*' and miR-181a can accelerate angio-

genesis by activating the VEGF-related pathway in colorectal cancer.””
Based on this background, we hypothesized that PTC cell-derived exo-
somal miR-181a might participate in angiogenesis in PTC via effects
on the MLL3/DACT2/YAP-VEGF axis.

RESULTS

miR-181a is upregulated in PTC cells under hypoxia

To study the role of miRNAs in PTC, we conducted differential gene
analysis of microarray data. Based on the analyses for miRNAs expres-
sion in datasets GSE73182 and GSE103996, miR-181a-5p was found
to be highly expressed in thyroid cancer (Figures 1A and 1B). Hypoxia
is one of important factors inducing tumor growth, so we further
investigated effects of hypoxia on the PTC cells. Viability did not
significantly differ between BCPAP and K1 cells under normoxia con-
ditions versus hypoxia conditions at 24 h incubation. However,
hypoxia increased cell viability at 48 and 72 h (Figure 1C). Moreover,

T from BCPAP cells

K To study the effect of hypoxia on the release of
EXs from BCPAP cells, we incubated BCPAP
cells with the same confluency under the condi-
tion of normoxia (20% O,) and hypoxia (1% O,). Electron micro-
scopy examination showed that BCPAP cell-derived EXs were round,
with diameters between 30 and 150 nm (Figures 2A and 2B). Nano-
particle tracking analysis (NTA) revealed that under normoxia and
hypoxia conditions, EXs secreted by BCPAP cells were similar in
size and distribution. However, the concentration of EXs from hypox-
ic BCPAP cells was higher than that from normoxic BCPAP cells
(Figure 2C). In addition, western blot confirmed exosomal markers
CD9, CD81, TSG101, HSP70, ALIX, and Flotillin-1 expression in
BCPAP cell-derived EXs, which was higher under hypoxia, relative
to the normoxia condition (Figure 2D). Therefore, hypoxia enhanced

the secretion of BCPAP EXGs.

Moreover, quantitative real-time PCR revealed that miR-18la
expression was higher in hypoxic BCPAP cell-derived EXs than in
normoxic BCPAP cell-derived EXs (Figure 2E). We then treated hu-
man umbilical vein endothelial cells (HUVECs) with hypoxic and
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Figure 2. Hypoxia induces secretion of exosomes (EXs) and transportation of miR-181a via EXs to HUVECs from BCPAP cells
(A) Representative images showing the morphology of EXs by electron microscopy (scale bar, 100 nm). (B) Exosomal size, distribution, and concentration measured by

nanoparticle tracking analysis. (C) Nanoparticle concentrations of EXs from normoxic

and hypoxic BCPAP cells. (D) Exosomal markers analyzed by western blot. (E) miR-

181a expression in EXs from normoxic and hypoxic BCPAP cells. (F) miR-181a expressions in HUVECs treated with EXs from normoxic and hypoxic BCPAP cells. (G)
Representative images showing endocytosis of BCPAP cell-derived exos EXs omes by HUVECSs via laser scanning confocal microscopy (LSCM; x400). (H) Representative
images of green fluorescence of HUVECs co-cultured with EXs from BCPAP cells treated with FAM-labeled miR-181a via LSCM (x400). *p < 0.05, **p < 0.01, ***p < 0.001
versus PBS-treated HUVECs, normoxic BCPAP cells, or normoxic-EXs. #p < 0.05 versus normoxic-EXs. Data were presented as mean = SD. Unpaired t test was used to
compare two sets of data. One-way ANOVA with Tukey post hoc test was used to analyze data from multiple groups. The cell experiments were repeated in triplicate.

normoxic BCPAP cell-derived EXs. Relative to treatment of PBS, the
miR-181a expression was elevated in response to both normoxic and
hypoxic BCPAP cell-derived EX treatment. Further, miR-181la
expression was upregulated by hypoxic BCPAP cell-derived EX
treatment compared with treatment by normoxic BCPAP cell-
derived EXs (Figure 2F). Furthermore, confocal microscopy depicted
that HUVECs could endocytose BCPAP cell-derived EXs (Fig-
ure 2G). In addition, after co-culture with BCPAP cells transfected
with 3’ Carboxyfluorescein-tagged miR-181a, green fluorescence
was observed in HUVECs by confocal microscopy (Figure 2H).
These results demonstrated that miR-181a was transported from
BCPAP cells to HUVECs through exosomes.

miR-181a overexpression promotes proliferation, migration,

and network formation in HUVECs in vitro

To determine whether miR-181a affects proliferation, migration,
and angiogenesis of HUVECs in vitro, we transfected HUVECs
with miR-181a mimic or miR-181a inhibitor. In the preliminary
experiments, we first set different concentrations of miR-181a
mimic or miR-181a inhibitor to transfect HUVECs, and mimics
and inhibitors at a concentration of 0 pmol were added as controls.
The results showed that when the concentration of miR-181a in-
hibitors or mimics was higher than 100 pmol, the inhibition or in-
crease of miR-181a expression by miR-181a inhibitors or mimics
became stable (Figure S1). Therefore, 100 pmol inhibitors or
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mimics significantly suppressed or upregulated the expression of
miR-181a, which was the most appropriate concentration for sub-
sequent experiments. Further, miR-18la mimic expression was
increased than that in mimic-NC, but miR-181a inhibitor reduced
miR-181a expression in HUVECs relative to inhibitor-NC (Fig-
ure 3A). Besides, miR-181a mimic increased cell proliferation in
the EdU assay (Figure 3B), cell migration in transwell assay (Fig-
ure 3C), and the number of capillary-like network projections in
the network formation assay (Figure 3D) of HUVECs relative to
mimic-NC control. In contrast, miR-181a inhibitor treatment
had the opposite results on these markers. In summary, overex-
pression of miR-18la augmented proliferation, migration, and
capillary-like network formation in HUVECs in vitro.

miR-181a inhibits DACT2 and activates Yap-VEGF pathway by
downregulating methylase MLL3 in HUVECs

The target genes of miR-181la in thyroid cancer were further
analyzed by the online tools Targetscan, miDIP, RAID, StarBase,
miRWalk, and miRDB. MLL3 (gene name KMT2C) was the only
gene that was included in the intersection of the Venn diagram
from these databases (Figure 4A). TargetScan revealed a potential
binding site between miR-181a and MLL3 (Figure 4B). Luciferase re-
porter gene analysis revealed reduced luciferase activity in HEK293T
cells co-transfected with Luc-MLL3-3" UTR (wild-type) and miR-
181a mimic but no such reduction in mutant Luc-MLL3-3' UTR
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Figure 3. miR-181a inhibition reduces proliferation, migration, and capillary-like network formation in HUVECs

HUVECs were transfected with mimic-NC, miR-181a mimic, inhibitor-NC, or miR-181a inhibitor. (A) miR-181a expression analyzed by quantitative real-time PCR. (B) Cell
proliferation tested by EdU assay (x200). (C) Cell migration determined by transwell assay (x200). (D) The formation of network-like structures by HUVECs (x200). *p < 0.05,
*p<0.01, ™ p <0.001 versus HUVECs transfected with mimic-NC; #p < 0.05, ##p < 0.01, ###p < 0.001 versus HUVECs transfected with inhibitor-NC. Data were presented
as mean = SD. One-way ANOVA with Tukey post hoc test was used to analyze data from multiple groups. The cell experiments were repeated in triplicate.

(Figure 4C). Moreover, miR-181a mimic reduced mRNA (Figure 4D)
and protein (Figure 4E) expression of MLL3, while miR-181a inhib-
itor had the opposite effects in HUVECs. MLL3 can increase the ac-
tivity in the enhancer region of DACT2, which then upregulates
DACT2 expression.'™"’ Therefore, we next investigated whether
MLL3 would increase DACT2 enhancer activity by catalyzing
H3K4mel. After transfecting HUVECs with small interfering
MLL3 (si-MLL3) or MLL3-vector control, the quantitative real-
time PCR and western blot results illustrated that MLL3 silencing
reduced MLL3, H3K4mel, and DACT2 mRNA (Figure 4F) and pro-
tein (Figure 4G) expression in HUVECs, whereas opposite effects
occurred in the presence of oe-MLL3. In addition, the chromatin
immunoprecipitation (ChIP) assay verified that MLL3 and
H3K4mel were significantly enriched in the DACT2 enhancer re-
gion (Figure 4H). We also found that miR-181a mimic diminished
DACT2 mRNA (Figure 4I) and protein (Figure 4]) expression, while

miR-181a inhibitor had the opposite effect. Furthermore, western
blot results indicated that miR-181a mimic elevated YAP and
VEGF expression but reduced the expression of phosphorylated
YAP and H3K4mel (Figure 4K), whereas miR-181a inhibitor had
the opposite effect. Thus, miR-181a inhibited DACT2 and activated
YAP-VEGF pathway by downregulating MLL3 expression in
HUVECs.

Hypoxic PTC-secreted exosomal miR-181a promotes

proliferation, migration, and angiogenesis of HUVECs

To determine whether hypoxic BCPAP cell-derived EXs affected HU-
VEC proliferation, migration, and angiogenesis in vitro, we treated
HUVECs with PBS, normoxic-EXs, or hypoxia-EXs. Cell prolifera-
tion (Figure 5A), migration (Figure 5B), and capillary-like network
formation (Figure 5C) of HUVECs were all enhanced by both nor-
moxic-EXs and hypoxia-EXs, where the hypoxia-EX treatment
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Figure 4. miR-181a inhibits DACT2 by downregulating methylase MLL3 to activate YAP-VEGF pathway in HUVECs

(A) Intersection of Venn diagram to show target genes of miR-181a-5p predicted by the online databases Targetscan, miDIP, RAID, StarBase, miRWalk, and miRDB. (B) The
binding sites between miR-181a and MLL3 predicted via TargetScan. (C) Binding relationship between miR-181a and MLL3 determined by dual-luciferase reporter gene
assay. (D) mRNA expression of MLL3 in HUVECs after corresponding miR-181a treatment analyzed by quantitative real-time PCR. (E) Protein expression of MLL3 in HUVECs
after corresponding miR-181a treatment analyzed by western blot. (F) mRNA expression of MLL3 and DACT2 in HUVECSs after alteration of MLL3 determined by quantitative
real-time PCR. (G) Protein expression levels of MLL3, H3K4me1, and DACT2 in HUVECs after alteration of MLL3 determined by western blot. (H) MLL3 and H3K4me1
expression in DACT2 enhancer in HUVECs cells after alteration of MLL3 analyzed by ChIP assay. (I) mMRNA expression of DACT2 in HUVECs after corresponding miR-181a
treatment determined by quantitative real-time PCR. (J) Protein expression of DACT2 in HUVECs after corresponding miR-181a treatment analyzed by western blot. (K)
Protein expression of H3K4me1, YAP, phosphorylated YAP, and VEGF in HUVECs after corresponding miR-181a treatment determined by western blot. *p < 0.05, **p <
0.01, **p < 0.001 versus HUVECs transfected with mimic-NC or si-NG; #p < 0.05, ##p < 0.01, ###p < 0.001 versus HUVECs transfected with inhibitor-NC or vector-NC.
Data were presented as mean + SD. Unpaired t test was used to compare two sets of data. One-way ANOVA with Tukey post hoc test was used to analyze data from multiple

groups. The cell experiments were repeated in triplicate.

caused stronger effects. In addition, enzyme-linked immunosorbent
assay (ELISA) revealed that hypoxia-EXs increased VEGF concentra-
tion in the HUVEC culture medium (Figure 5D). Quantitative real-
time PCR analysis showed that hypoxia-EXs reduced the mRNA
levels of MLL3 and DACT?2 in HUVEC:s (Figure 5E). Moreover, west-
ern blot data indicated that hypoxia-EXs downregulated the protein
expression of MLL3, H3K4mel, DACT?2, and phosphorylated YAP
in HUVEC:s but upregulated YAP and VEGF expression (Figure 5F).

To further investigate the role of miR-181a in HUVECs angiogenesis,
BCPAP cells were transfected with miR-181a inhibitor, followed by
EX isolation. Quantitative real-time PCR illuminated that miR-181a
inhibitor diminished miR-181a expression in BCPAP cells (Fig-
ure 5G) and hypoxia-induced EXs (Figure 5H). The cell proliferation
(Figure 5I), migration (Figure 5J), and capillary-like network forma-
tion (Figure 5K) of HUVECs were reduced by hypoxia-EXs/miR-181a
inhibitor. Thus, exosomal miR-181a could enhance proliferation,
migration, and angiogenesis of HUVECs.
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Hypoxic exosomal miR-181a promotes angiogenesis and tumor
growth in nude mice

We next investigated the effect of hypoxia-induced exosomal miR-
181a in vivo. Hypoxia-EXs increased angiogenesis around the chick
chorioallantoic membrane (CAM; 5 mm), which illuminated the
opposite effect in the presence of hypoxia-EXs/miR-181a inhibitor
(Figure 6A). To investigate the effect of hypoxic exosomal miR-
181a on tumorigenesis, we transplanted EX-treated BCPAP or K1
cells into nude mice. Hypoxia-EXs resulted in increased tumor
mass (Figure 6B) and volume (Figure 6C), while hypoxia-EXs/
miR-181a inhibitor showed the opposite trends. In addition, hypox-
ia-EXs increased VEGF levels in tumor tissues from nude mice,
which was reversed by the treatment with hypoxia-EXs/miR-181a
inhibitor (Figure 6D). Moreover, quantitative real-time PCR results
revealed that miR-181a in tumor tissues was upregulated by hypox-
ia-EXs while downregulated by hypoxia-EXs/miR-181a inhibitor
(Figure 6E). In contrast, hypoxia-EXs could decrease MLL3 expres-
sion in tumor tissues of nude mice, which was reversed by hypoxia-
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Figure 5. Exosomal miR-181a from hypoxia-treated PTC cells stimulates proliferation, migration, and angiogenesis in HUVECs

(A) HUVEC proliferation in the presence of PBS, normoxic-EXs, or hypoxia-EXs determined by EdU assay (x200). (B) HUVEC migration in the presence of PBS, normoxic-
EXs, or hypoxia-EXs analyzed by transwell assay (x200). (C) The formation of network-like structures by HUVECs in the presence of PBS, normoxic-EXs, or hypoxia-EXs
(x200). (D) VEGF concentration in culture medium in the presence of PBS, normoxic-EXs, or hypoxia-EXs determined by ELISA. (E) mRNA expression of MLL3 and DACT2in
HUVECs in the presence of PBS, normoxic-EXs, or hypoxia-EXs analyzed by quantitative real-time PCR. (F) Protein expression of MLL3, H3K4me1, DACT2, YAP, phos-
phorylated YAP, and VEGF of HUVECs in the presence of PBS, normoxic-EXs, or hypoxia-EXs analyzed by western blot. (G) miR-181a expression in BCPAP cells treated with
miR-181a inhibitor detected by quantitative real-time PCR. (H) miR-181a expression in hypoxia-EXs/miR-181a inhibitor detected by quantitative real-time PCR. () HUVEC
proliferation in the presence of hypoxia-EXs/miR-181a inhibitor tested by EdU assay (x200). (J) HUVEC migration in the presence of hypoxia-EXs/miR-181a inhibitor
analyzed by transwell assay (x200). (K) The formation of network-like structures by HUVEC in the presence of hypoxia-EXs/miR-181a inhibitor (x 200). *p < 0.05, **p < 0.01,
***p < 0.001 versus HUVEC treated with PBS or hypoxia-EXs/inhibitor-NC. Data were presented as mean + SD. Unpaired t test was used to compare two sets of data. One-
way ANOVA with Tukey post hoc test was used to compare data from multiple groups.

EXs/miR-181a inhibitor (Figure 6E). Furthermore, immunohisto-
chemistry (IHC) data demonstrated that hypoxia-EXs increased
the expression of VEGF (Figure 6F) and CD31-microvessel density
(MVD; Figure 6G), whereas opposite effects were seen in the pres-
ence of hypoxia-EXs/miR-181a inhibitor. Taken together, hypoxic
PTC-secreted exosomal miR-18la promoted angiogenesis and
tumor growth in nude mice and downregulated MLL3 but upregu-
lated VEGF and CD31 expression.

DISCUSSION

The incidence of PTC has increased in recent years, and patients
with aggressive spread of this cancer resist therapy with VEGF re-
ceptor 2 (VEGFR?2) inhibitor that normally attenuates angiogenesis
in endothelial cells.”’ Emerging evidence has identified the regulato-
ry effect of miRNAs on malignant phenotypes of tumor cells, which
may present promising therapeutic targets in the treatment of
PTC.”* EXs can shuttle their cargos of proteins, mRNAs, and miR-
NAs between cells, and EXs secreted from cancer cells can have ef-

fects on the tumor microenvironment.””> In the current study, the
obtained findings revealed that exosomal miR-181a from hypoxia-
induced PTC cells enhanced angiogenesis and tumor growth by
downregulation of MLL3 and DACT2 and upregulation of YAP
and VEGF signaling.

We uncovered in this study that miR-181a had oncogenic properties
in PTC, which was consistent with results of a previous study'” un-
veiling that miR-181a promoted thyroid cancer TPC-1 cell growth
by inhibiting tumor suppressing RB1. The present results showed
that miR-181a expression was increased in hypoxic PTC cells. A pre-
vious PTC-based bioinformatics analysis by Zhang et al.”® has high-
lighted that miR-18la could modulate various differentially
expressed genes in PTC to form a miRNA-mRNA regulatory
network, a funding that helps substantially to broaden our under-
standing of the pathogenesis of PTC. In the present study, we also
revealed that miR-181a overexpression induced HUVEC prolifera-
tion, migration, and angiogenesis. Certainly, angiogenesis plays an
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Figure 6. Exosomal miR-181a from hypoxic PTC cells induces angiogenesis and tumor growth in nude mice

CAM models were treated with PBS, normoxic-EXs, hypoxia-EXs, hypoxia-EXs/inhibitor-NC, or hypoxia-EXs/miR-181a inhibitor. (A) Angiogenesis analysis in CAM (5 mm)
model. Nude mice were transplanted with BCPAP or K1 cells treated with PBS, normoxic-EXs, hypoxia-EXs, hypoxia-EXs/inhibitor-NC, or hypoxia-EXs/miR-181a inhibitor.
(B) Tumor mass measurements. (C) Tumor volume measurements. (D) VEGF level in tumor tissues from nude mice. (E) mRNA expression of miR-181a and MLL3 detected by
quantitative real-time PCR. (F) VEGF expression analyzed by IHC (x400). (G) CD31-MVD expression analyzed by IHC (x200). *p < 0.05, **p < 0.01, **p < 0.001 versus CAM
model or nude mice treated with PBS; #p < 0.05, ##p < 0.01, ###p < 0.001 versus CAM model or nude mice treated with hypoxia-EXs/inhibitor-NC. n = 6. Data were
presented as mean + SD. Unpaired t test was used to compare two sets of data. One-way ANOVA with Tukey post hoc test was used to analyze data from multiple groups.
Data comparison between groups at different time points was performed by repeated-measures ANOVA, followed by Bonferroni post hoc test.

important role in cancer invasion and metastasis,”’ and growing
evidence documents that miRNAs can accelerate cancer angiogen-
esis.”®” Intriguingly, angiogenic and metastatic effects of miR-
181a have been suggested as factors in the mechanistic action of
CXCR4 and RGS16 in chondrosarcoma.”® Present findings add to
this base of knowledge in suggesting a novel anti-angiogenic target
and strategy for PTC treatment.

We further demonstrated that miR-181a can be delivered from PTC
cells to HUVECs via PTC cell-derived EXs. EXs are extracellular ves-
icles serving as important factors for cell-to-cell communications.®"**
Accumulating evidence suggests that EXs have a modulatory role in
cancer progression.”” More importantly, EXs accelerate angiogenesis
through transportation of specific miRNAs. For example, exosomal
miR-27a promoted angiogenesis in pancreatic cancer,”* whereas
another study elucidated high expression of PTC cell-derived exoso-
mal miR-181a.'* Furthermore, miR-181a inhibition reduced HUVEC
cell proliferation, migration, and angiogenesis. Previous studies
pointed out that miR-181a has been widely studied in a variety of hu-
man cancers. miR-181a can target the pro-apoptotic protein kinase C
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delta TBST gene to promote cancer cell resistance in cervical cancer."’
In gastric cancer, miR-181a can target the tumor suppressor gene
ATM."? For thyroid cancer, miR-181a can target the tumor suppres-
sor RB1 to promote the growth of thyroid cancer cells."”

We next proceeded to probe the specific downstream mechanisms
of miR-181a in thyroid cancer. miR-181a was found to target and
inhibit MLL3, leading to the downregulation of DACT2. This
decrease in DACT?2 resulted in increased YAP-VEGF expression,
which contributed to angiogenesis and tumorigenesis. Other lines
of evidence document an association between MLL3 and cancer
development.'>'® A previous next-generation sequencing analysis
on genes related to thyroid cancer identified mutations in the
epigenetic regulator MLL3.>> Through enhancing the enrichment
of MLL3 and H3K4me3, an antitumor IncRNA SSTR5-AS1 could
suppress the progression of laryngeal squamous cell carcinoma.’
Previous molecular investigations have lined the development of
thyroid cancer with an array of consistent abnormalities in path-
ways such as HIFla-VEGF, which together orchestrate tumor
growth and angiogenesis.”” MLL3 acts as an H3K4mel
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Figure 7. Mechanistic diagram showing effects of
exosomal miR-181a from hypoxic PTC cells on PTC
Hypoxia promotes the release of miR-181a-loaded EXs
from PTC cells. miR-181ais transported from PTC cells to
HUVECs by EXs. miR-181a targets MLL3, leading to
reduced H3K4me1l in the DACT2 enhancer region.
Downregulation of DACT2 upregulates YAP, leading to
the transcription of VEGF and angiogenesis.

.. Papillary thyroid cancer cells

exosome

nucleus

Proliferation
Migration
angiogenesis

methylase,'”® which could modulate the enhancer activity of
DACT?2 and the expression of DACT2."® In addition, we uncov-
ered that inhibited expression of DACT?2 resulted in the upregula-
tion of YAP, which is consistent with the findings of a previous
study in glioma.*® Co-activation of YAP and VEGF has an impor-
tant role in angiogenesis during the biological processes of can-
cers.”>*" Results of our study support the notion that DACT2
downregulation increases the expression of YAP and VEGF, thus
corroborating a previous study showing that YAP activated
VEGF, which lead to angiogenesis.*' Therefore, present results sug-
gest that the YAP-VEGF pathway is significantly involved in thy-
roid tumor angiogenesis and growth. Our results also implied
that miR-181a with the interplay of its downstream targets
MLL3, DACT2, YAP, or VEGF may present a novel therapeutic
target for the treatment of refractory PTC.

Conclusions

Present results indicate a new mechanism whereby miR-181a can
modulate the angiogenesis of PTC, thus highlighting novel thera-
peutic targets for the treatment of PTC. We propose that new ther-
apeutic strategies for PTC should be directed toward the ablation of
hypoxic exosomal miR-181a, which may potentially be a clinically
viable biomarker in treating PTC. miR-181a loaded in EXs derived

from hypoxic PTCs promoted angiogenesis
hypoxia and tumor growth through a pathway
involving downregulation of DACT2, MLL3,
and activation of YAP-VEGF signaling
pathway (Figure 7). However, results from
this study require generalization by confirming
the pro-angiogenic effects of hypoxic exosomal
miR-181a on the diverse other types of PTC
cell lines. Moreover, the values of these find-
ings may be limited by the lack of a series of
rescue assays to demonstrate the link of miR-
181a, MLL3, and the YAP-VEGF signaling
pathway, which should be further performed
in future studies.

MATERIALS AND METHODS

Ethics statement

All animal experiment protocols involved in
this study were performed in strict accordance
with the Guide for the Care and Use of Labora-
tory Animals and were approved by the Institu-
tional Research Ethics Committee of Sun Yat-sen University Cancer
Center. Efforts were taken to minimize discomfort and numbers of
animals.

Bioinformatics analysis of genes involved in thyroid cancer

Thyroid cancer-related miRNA expression datasets Gene Expression
Omnibus (GEO): GSE73182 and GSE103996 were downloaded from
the GEO database (https://www.ncbinlm.nih.gov/gds). GEO:
GSE73182 includes 24 samples, including 5 control and 19 thyroid
cancer samples. There were 34 samples in GEO: GSE103996,
including 6 control and 28 thyroid cancer samples. The “limma”
package (http://www.bioconductor.org/packages/release/bioc/html/
limma.html) in R was utilized for differential analysis of gene expres-
sion in GEO: GSE73182 (|logFC| > 1, p < 0.01) and GSE103996 (|
logFC| > 1, p < 0.01). The differential expression of these miRNAs
was validated by the StarBase analysis (http://starbase.sysu.edu.cn/).
Further, target genes of the key miRNA were predicted by Targetscan
(cumulative weighted context++ score > 0.1; http://www.targetscan.
org/vert_71/), miDIP (integrated score > 0.65; http://ophid.
utoronto.ca/mirDIP/), RAID (score > 0.65; http://www.rna-society.
org/raid2/index.html), StarBase, miRWalk (energy < —24.0; http://
mirwalk.umm.uni-heidelberg.de/), and miRDB (Target Score > 95;

http://www.mirdb.org/). Key genes of these databases were
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intersected by the Venn diagram. After determining the most impor-
tant genes in the intersection, we used a literature search to find their
downstream pathways.

Cell culture

Human PTC cell lines BCPAP (BeNa Culture Collection, Beijing,
China) and K1 (Sigma-Aldrich, St. Louis, MO, USA) were cultured
in RPMI 1640 (GIBCO, Carlsbad, CA, USA) and Dulbecco’s modified
Eagle medium (DMEM), respectively. Both media were supple-
mented with 10% fetal bovine serum (FBS; Atlanta Biologicals,
Flowery Branch, GA, USA), penicillin (10,000 IU/mL), streptomycin
(10,000 pg/mL; MediaTech, Laval, QC, Canada), and 2 mM L-gluta-
mine (MediaTech). Human normal thyroid cell HTori-3 (DMSZ,
Braunschweig, Germany) was cultured in DMEM.**

HUVECs (Institute of Cell Biology of the Chinese Academy of Sci-
ences, Shanghai, China) were cultured in MCDB 131 medium
(GIBCO) supplemented with 5% microvascular growth supplement
(GIBCO) and 1% Gluta MAX (GIBCO), followed by incubation in
a humidified incubator at 37°C with 5% CO,.*

Isolation and identification of EXs from BCPAP cells

EX-depleted FBS was obtained by overnight ultracentrifugation at
120,000 x g at 4°C, followed by filtration through 0.22-pm filters.
BCPAP cells were cultured in DMEM as noted above to 80%-90%
confluence, and then replaced with RPMI 1640 medium containing
10% EX-depleted FBS and incubated under normoxic (20% O,) or
hypoxic (1% O,) conditions for 12 h. Next cell culture media were
then harvested and centrifuged at 300 x g for 10 min, at 2,000 x g
for 10 min, and at 10,000 x g (Beckman Coulter, Brea, CA, USA)
for 30 min to remove cell debris. The pellet was resuspended for
another ultracentrifugation at 100,000 x g for 70 min and finally
formulated in 50-100 pL phosphate buffered saline (PBS). EXs
were isolated by the ExoQuick reagent (System Biosciences, Palo
Alto, CA, USA). In brief, the resuspended pellet was incubated with
ExoQuick reagent at ratio of 5:1 for 12 h, and then centrifuged at
1,500 x g for 30 min. Precipitated EXs were resuspended in 100 puL
PBS and stored at —80°C for further experiments.*’

A Delsa Nano Analyzer (Beckman Coulter, Brea, CA, USA) was
applied to determine the size distribution of EXs. Capture and anal-
ysis settings were manually adjusted according to the manufacturer’s
instructions. In addition, EXs were fixed in 4% glutaraldehyde, placed
on carbon-coated copper grids, and stained with 2% uranyl acetate for
examination by transmission electron microscopy (TEM; JEM-1010,
JEOL, Tokyo, ]apan).44

EX uptake

EXs (20 pg) were labeled with PKH67 green fluorescent dye (Sigma-
Aldrich) based on the manufacturer’s instructions. Labeled exosomal
particles were resuspended and added to unstained HUVEC cells for
exosomal uptake experiments. After incubating for 12 h at 37°C, cells
were visualized with a confocal microscope (Zeiss Meta 510, Thorn-
wood, NY, USA).*
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miR-181a delivery

BCPAP cells were cultured and transfected in transwell chambers
(pore size: 0.4 mm, Thermo Fisher Scientific, Waltham, MA, USA)
with 10 nM green fluorescent 3’ FAM labeled miR-181a oligo (Gen-
eCore Biotechnology, Shanghai, China) for 24 h. HUVEC:s at the bot-
tom side of the transwell were co-cultured with BCPAP cells for 24 h.
HUVEC cells were fixed with 4% paraformaldehyde and visualized

under a laser scanning confocal microscope (LSCM).*

Transfection in BCPAP And HUVECs

BCPAP cells or HUVECs were transfected with miR-181a mimic (100
pmol), miR-181a inhibitor or their corresponding negative controls
(NCs; RiboBio, Guangzhou, China) by Lipofectamine 2000 according
to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).
In addition, HUVECs were also transfected with si-NC, si-MLL3, vec-
tor-NC, and MLL3-vector (Gene Pharma, Shanghai, China) by Lipo-
fectamine 2000 (Invitrogen).4°

Quantitative real-time PCR

Total RNA was extracted from cells and EXs using Trizol reagent (In-
vitrogen). cDNA was synthesized using a reverse transcription kit
(RR047A, Takara, Tokyo, Japan). miRNA was reverse transcribed
by miRNA First Strand cDNA Synthesis (Tailing Reaction) kit
(B532451-0020, Sangon, Shanghai, China). cDNA was subjected to
qPCR using a SYBR Premix Ex Taq II (Perfect Real Time) kit
(DRRO081, Takara, Japan) in a real-time PCR machine (ABI 7500,
ABI, Foster City, CA, USA). miRNA expression level was normalized
to the internal control U6, while mRNA expression level was normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Rela-
tive expression of target gene was calculated by the 22T method. In
addition, cel-miR-39 was used for normalization of EXs (primers
were purchased from RIBO, Guangzhou, China). miRNA negative
primer and U6 forward primer were provided by the miRNA First
Strand cDNA Synthesis (Tailing Reaction) kit, and other primers
were synthetized by Sangon (Table S1).*”"*

Western blot assay

Cells or EXs were lysed using radioimmunoprecipitation assay
(RIPA) lysis buffer containing complete protease and phosphatase in-
hibitor (Sigma-Aldrich). 30 pg of protein from each sample was
loaded and separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis gel (SDS-PAGE), which was transferred to a 0.22-
um polyvinylidene fluoride membrane (PVDEF; Millipore, Burlington,
MA, USA). The membrane was blocked with 5% skim milk and incu-
bated with primary antibodies: mouse anti-CD9 (1:500, sc-13118,
Santa Cruz, CA, USA), mouse anti-CD81 (1:500, sc-7637, Santa
Cruz), mouse anti-tumor susceptibility genel01 (TSG101; 1:500, sc-
7964, Santa Cruz), mouse anti-heat shock protein 70 (HSP70;
1:500, sc-32239, Santa Cruz), mouse anti-ALIX (1:500, sc-53540,
Santa Cruz), mouse anti-flotillin-1 (1:500, sc-74566, Santa Cruz),
mouse anti-VEGF (1:100, sc-7269, Santa Cruz), rabbit anti-MLL3
(1:1,000, ABE1851, Sigma), rabbit anti-DACT2 (1:1,000, ab79042,
Abcam, Cambridge, MA, USA), rabbit anti-phosphorylated YAP
(1:1,000, ab62751, Abcam), rabbit anti-YAP (1:1,000, ab81183,
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Abcam), rabbit anti-H3K4mel (1:500, ab8895, Abcam), and rabbit
anti-GAPDH (1:2,500, ab9485, Abcam) overnight at 4°C. The next
day, the membrane was washed with TRIS-buffered saline with
0.5% Tween 20 and incubated with horseradish peroxidase-conju-
gated secondary antibody (immunoglobulin G [IgG]; 1:20,000,
ab205718, ab205719, Abcam) at room temperature and then washed
with TBST. Membranes were developed by Thermo Pierce chemilu-
minescent (ECL) western blot substrate (Thermo Fisher Scientific)
using a Tanon 5200 system (Tanon, Shanghai, China).”

Dual-luciferase reporter gene assay

Wild-type or mutant MLL3 3’ UTR-psiCHECK-2 plasmid (Promega)
were co-transfected with miR-181a mimic or mimic-NC into 293T
cells using Lipofectamine 2000 reagent (Invitrogen). Lysates were
harvested 48 h after transfection. Firefly luciferase intensity was
measured and normalized to Renilla luciferase intensity using a
dual-luciferase reporter kit (Promega Corporation, Madison, WI,
USA).

ChIP assay

ChIP protocol was previously
described.*®! In brief, cell lysate was sonicated and then immuno-
precipitated overnight using MLL3, H3K4mel (2 pg for 25 pg of
chromatin, ab8895) or non-specific IgG (1:1,000, ab171870, Abcam)
antibodies as control. The next day samples were incubated with pro-
tein beads to form the protein-antibody-bead complex. After strin-
gent washing, immunoprecipitated DNA was isolated used for
qPCR. Anti-MLL3 was generated against the aa 443-590 (a-MLL3-
NTD) or aa 2951-3091 (a-MLL3-MR) protein. The primers of the
enhancer region of DACT2 were shown as follows: forward: 5'-
ACAGGACTGGCTAAACGCAA-3'  and 5'-AGGTG-
CAAATGCTGCCCTAT-3."

experimental performed as

reverse:

Cell counting kit-8 (CCK-8) assay

The CCK-8 kit (C0037, Beyotime Institute of Biotechnology,
Shanghai, China) was used for the measurement of cell viability. Cells
were cultured in a 96-well plate at a density of 2 x 10> cells/well for 24
h. Following 24-h transfection, 10 uL CCK-8 reagents were added
into 100 uL complete medium and the cells were cultured for 24,
48, or 72 h. Absorbance was measured using Multiskan FC microplate
reader (51119100, Thermo Fisher Scientific) at the respective time
points.

5-ethynyl-2'-erdeoxyuridine (EDU) assay

HUVECs in logarithmic growth phase were co-cultured with EXs and
seeded into 96-well plates (3 x 10* cells/well). Cells were incubated
with 100 pL of EdU medium for 2 h and then incubated with
100 pL fixative for 30 min, followed by 5-min incubation with
2 mg/mL glycine. Cells were incubated with 100 pL PBS containing
0.5% Triton X-100 for 10 min, stained with 1x Apollo for 30 min
and 100 pL of 1 x Hoechst 33342 reaction solution for 30 min in
the dark. Anti-fluorescent quencher (100 pL) was added to each
well. A total of 6-10 fields were randomly selected per well for visu-
alization and imaging under a fluorescence microscope.

Transwell assay

HUVECs in logarithmic growth phase co-cultured with EXs were
added on the upper transwell at a density of 1 x 10* cells/pL, whereas
FBS (800 pL, 20%) was added to the lower transwell chamber. Cells
were incubated at 37°C for 24 h, whereupon cells were fixed with
5% paraformaldehyde for 10 min and then stained with 0.1% crystal
violet for 30 min. Cells on the surface were wiped away by cotton
swabs for observation, imaging, and quantification under an inverted
microscope.

Network formation assay

Calpain-labeled HUVECs were seeded into a 24-well plate at a density
of 2 x 10 cells/mL. Adherent cells were incubated with 5% CO, at
37°C for 12 h. The capillary-like network projections (number and
length) were analyzed under a confocal microscope.

Determination of angiogenesis in chicken Cam

60 chicken embryos were incubated at 37.5°C + 0.5°C under 65% hu-
midity for 3 days. The growth of the vascular network was detected by
the candlelight method. A total of 48 well-developed vascular net-
works were obtained. HUVECs were treated with PBS, normoxic
BCPAP cell-derived EXs (normoxic-EXs), EXs from hypoxia BCPAP
cells (hypoxia-EXs), EXs from hypoxia BCPAP cells transfected with
inhibitor-NC (hypoxia-EXs/inhibitor-NC), or EXs from hypoxia
BCPAP cells transfected with miR-181a inhibitor (hypoxia-EXs/
miR-181a inhibitor), respectively, and then injected into chicken em-
bryos (12 embryos/group). Fertilized chicken embryos were sterilized
with ethanol on day 7 of incubation. A small window (1.5 cm x
1.5 cm) was created in the egg and a filter paper was fixed with tape
on the CAM and yolk sac membrane with relatively few blood vessels.
After a 10-day further incubation in the incubator, the tape covering
the chicken embryos was removed and angiogenesis was observed un-
der a microscope and imaged with a digital camera.

ELISA

The concentration of VEGF in HUVEC cell culture supernatant was
measured by an ELISA kit (69-50, 049, MSK Biotechnology, Wuhan,
China). Absorbance was detected at 450 nm by a microplate reader
(Synergy 2, BioTek, Winooski, VT, USA) within 3 min.

For transplanted tumor, 50 mg of tissue was added to 4-5 mL of
0.86% PBS, homogenized for 2 min, and centrifuged at 1,610 x g
for 10 min at 4°C to obtain tissue supernatant. VEGF concentration
in the supernatant was measured by the ELSA kit (69-50, 049, MSK
Biotechnology). Absorbance was detected at 450 nm by a microplate
reader (Synergy 2, BioTek).””

Tumor xenografts in nude mice

Female BALB/C nude mice (n = 60, 3-4 weeks old, 15-19 g, Slac-
Jingda Animal Laboratory, Hunan, China) were randomly divided
into ten groups (five groups for BCPAP cell line and five for K1 cell
line, n = 6 per group): BCPAP cells or K1 cells were treated with
PBS, normoxic-EXs, hypoxia-EXs, hypoxia-EXs/inhibitor-NC, or
hypoxia-EXs/miR-181a inhibitor. Single cell suspension (4 x 10°
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cells/mL) was injected subcutaneously into the back of nude mice us-
ing a disposable sterile syringe. Tumor volume was calculated as V =
W? x L x 0.5, where W is the width and L is the length of the tumor.
After 35 days, nude mice were euthanized. Implanted tumors were re-
sected and immersion-fixed in 4% neutral formaldehyde overnight.
Tissues were then embedded in paraffin and sectioned to a thickness
of 5 um.

IHC

THC was performed using the streptavidin-biotin-peroxidase com-
plex method. In brief, tumor tissues were fixed, paraffin-embedded,
dewaxed, and rehydrated, followed by antigen retrieval. Tissues
were then incubated with VEGF antibody (1:100, ab72807, Abcam)
at 4°C overnight. The next day, tissues were incubated in biotinylated
secondary antibody for 30 min at 37°C. Tissues were developed with
diaminobenzidine (DAB) solution, followed by hematoxylin counter-
staining and imaging under an optical microscope.

MVD assay was analyzed by streptavidin peroxidase immunohisto-
chemical staining with primary CD31 antibody (1:50, ab28364, Ab-
cam). 100 cells in each of five randomly selected regions were counted
under the microscope. MVD was presented as the percentage of
CD31" cells.

Statistical analysis

Data analysis was performed by SPSS version 21.0 (IBM, Armonk,
NY, USA). Data were presented as mean + standard deviation
(SD). The unpaired t test was utilized to compare unpaired data be-
tween two groups. One-way analysis of variance (ANOVA) with Tu-
key post hoc test was applied to compare data from multiple groups.
Tumor volumes between groups at different time points were per-
formed by repeated-measures ANOVA, followed by Bonferroni
post hoc test. The comparison of optical density (OD) values reflect-
ing cell viability at different time points was performed by two-way
ANOVA. p <0.05 indicated statistically significant difference.
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