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Abstract
Hypoxia is a main feature of most solid tumors, but how melanoma cells under hypoxic 
conditions exploit tumor microenvironment (TME) to facilitate tumor progression re-
mains poorly understood. In this study, we found that hypoxic melanoma- derived 
small extracellular vesicles (sEVs) could improve the proangiogenic capability of 
cancer- associated fibroblasts (CAFs). This improvement was due to the activation of 
the IKK/IκB/NF- κB signaling pathway and upregulation of CXCL1 expression and se-
cretion in CAFs. By proteomic analysis, we verified that hypoxia could promote en-
richment of chaperone HSP90 and client protein phosphorylated IKKα/β (p- IKKα/β) in 
melanoma- derived sEVs. Delivery of the HSP90/p- IKKα/β complex by sEVs could ac-
tivate the IKK/IκB/NF- κB/CXCL1 axis in CAFs and promote angiogenesis in vitro and 
in vivo. Taken together, these findings deepen the understanding of hypoxic response 
in melanoma progression and provide potential targets for melanoma treatment.
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1  |  INTRODUC TION

Melanoma is a highly aggressive malignant tumor with intense in-
vasiveness and angiogenesis. Although multiple- targeted therapies 
have been validated in antitumor treatment, the prognosis for mel-
anoma patients still remains unoptimistic, especially for those who 
relapse.1 Accumulating evidence indicates that TME plays vital roles 
in tumor proliferation, angiogenesis, metastasis, and drug resistance. 
Within TME, CAFs are major stromal cells that act as the pivotal 
contributor to tumor progression.2 However, how melanoma cells 
manipulate CAFs to foster tumor progression still remains obscure. 
Unraveling the mechanisms of cross talk between melanoma cells 
and CAFs could provide potential targets for oncotherapy.

In recent years, sEVs (≤200 nm) have drawn much attention in 
intercellular communication. Carrying numerous bioactive cargos, 
tumor- derived sEVs orchestrate TME and contribute to tumor pro-
gression.3 But how melanoma- derived sEVs reprogram CAFs to pro-
mote tumor progression remains poorly understood.

Hypoxia is a critical feature of most solid tumors and promotes 
tumor invasion, angiogenesis, and drug resistance. Hypoxia also 
promotes sEV secretion from tumor cells and changes the cargos 
of sEVs. With enrichment of hypoxia- related cargos, hypoxic tumor 
cell– derived sEVs modify the TME and play key roles in tumor an-
giogenesis, immunomodulation, and drug resistance.4 However, the 
effects and mechanisms of hypoxic melanoma- derived sEVs on CAF 
reprogramming are ill defined.

Our previous study has verified that melanoma- derived exoso-
mal miR- 155- 5p could induce the proangiogenic switch of CAFs and 
promote tumor angiogenesis.5 In this study, we aimed to investigate 
the potential effects and mechanisms of hypoxic melanoma- derived 
sEVs on CAF reprogramming.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents

Details are described in the Supplemental Materials and Methods.

2.2  |  Cell lines and culture

Details are described in the Supplemental Materials and Methods.

2.3  |  Small extracellular vesicle isolation and 
identification

For sEV isolation, B16, B16F10, and A375 cells at 80% cell density 
were washed thrice with PBS and then cultured with the corre-
sponding culture medium without FBS at 37℃ in 5% CO2 and 20% 
O2 or 37℃ in 5% CO2 and 1% O2. After 24 hours, the supernatant 
was collected and precleared by sequential centrifugation at 300 g 

(10 minutes), 2000 g (10 minutes), and 10 000 g (30 minutes). All 
kinds of sEVs were isolated by ultracentrifugation at 120,000 g 
for 70 minutes (conducted with Optima XE- 100 ultracentrifuge, 
Beckman Coulter) and suspended in PBS. Small extracellular vesi-
cle were observed by transmission electron microscopy HT7700 
(HITACHI). The hydrodynamic diameter of sEVs was measured by 
Zetasizer Nano- ZS90 (Malvern Instruments).

2.4  |  Small extracellular vesicle tracing

The sEVs were labeled with PKH26 and CFSE (Sigma- Aldrich) fol-
lowing the manufacturer's instructions. After incubation for 4 hours, 
the uptake of PKH26-  and CFSE- labeled sEVs by HFF- 1 cells was 
observed by confocal microscopy (Olympus FV1200).

2.5  |  RNA- seq analysis

Details are described in the Supplemental Materials and Methods.

2.6  |  Proteomic analysis

Details are described in the Supplemental Materials and Methods.

2.7  |  Protein extraction and Western blot analysis

Details are described in the Supplemental Materials and Methods.

2.8  |  Small extracellular vesicle membrane and 
cytosol isolation assay

Details are described in the Supplemental Materials and Methods.

2.9  |  Enzyme- linked immunosorbent assay

The concentration of CXCL1 in the CM was detected by ELISA kits 
(EK0722, Boster Biological Technology) following the manufactur-
er's instructions and determined by comparing the optical densities 
at 450 nm with the standard curve of the kits.

2.10  |  Migration and tube formation assay

When HFF- 1 cell density reached 70%- 80%, A375- derived sEVs 
were added to the medium at 20 μg/mL. After 24 hours, the CM was 
collected and prepared for further experiments. For scratch assay, a 
scratch was made in each well after the cells had formed confluent 
monolayer. After the cells had been washed three times with PBS, 
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HUVECs were incubated with the corresponding CM to estimate 
the migration ability. Digital images were taken at 0 and 24 hours 
after the scratches by microscope (BHS- 313 Olympus). In tube for-
mation assay, HUVECs (1 × 104/well) were seeded in 48- well plates 

precoated with Matrigel (BD Biosciences) and cultured in the CM 
from sEV- treated HFF- 1 cells. The capillary- like structure was ob-
served and photographed after 6 hours of incubation. Quantification 
and analysis of migration and tube formation results were assessed 
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by using Image- Pro Plus 6.0 (Media Cybernetics). Both assays above 
were replicated three times.

2.11  |  Cell proliferation assay

Human umbilical vein endothelial cells were seeded in 96- well cul-
ture plates and cultured by the CM of fibroblasts, which were stimu-
lated with or without A375- secreted sEVs. After incubation for 24 
and 48 hours, cell proliferation was determined by CCK- 8 (C0037, 
Beyotime) according to the manufacturer's instructions.

2.12  |  Coimmunoprecipitation assay

Coimmunoprecipitation was performed by using Universal Magnetic 
Co- IP kits (54 002, Active Motif). A375- derived sEVs were lysed fol-
lowing the manufacturer's instructions of the kit. A total of 5 μg of 
HSP90AA1 antibody and HSP90AB1 antibody per sample was used 
for protein pulldown. The immunoprecipitated proteins were used for 
electrophoresis and transfer steps as described above. The presence 
of immunoprecipitated p- IKKα/β was determined by Western blot.

2.13  |  Chromatographic and mass 
spectrometric analysis

Details are described in the Supplemental Materials and Methods.

2.14  |  In vivo study

The experimental procedures were approved by the Laboratory 
Animal Care and Use Committee of Wuhan University (approval 
number: S07921010L). Twenty- five clean specific pathogen– free 
BALB/C nude mice (male, 6 weeks old) were purchased from Beijing 
Weitong Lihua Experimental Animal Technology Co., Ltd. The nude 
mice were raised in laminar flow cabinets under specific pathogen- 
free conditions with a 12 - 12- hour light- dark cycle. A375 cells 
(5 × 105) and HFF- 1 cells (5 × 105) were mixed with Matrigel (100 
μL) and subcutaneously injected into the right back of every nude 
mouse. Two days later, the size of the xenografts was measured 

every day and calculated with the formula: volume (cm3) = (width2 
× length) / 2. Two days after the first measurement, the mice were 
divided into five groups (five mice each group) and subjected to vari-
ous treatments. Groups were set up at the first treatment as follows: 
(a) vehicle solution, i.p.; saline, intratumorally; (b) vehicle solution, 
i.p.; sEVs(N), intratumorally; (c) 17- AAG (50 mg/kg), i.p.; sEVs(N), 
intratumorally; (d) vehicle solution, i.p.; sEVs(H), intratumorally; 
(e) 17- AAG (50 mg/kg), i.p.; sEVs(H), intratumorally. After the first 
treatment, groups were set up as follows with treatment every 
2 days: (a) vehicle solution, i.p.; (b) vehicle solution, i.p.; (c) 17- AAG 
(50 mg/kg), i.p.; (d) vehicle solution, i.p.; (e) 17- AAG (50 mg/kg), i.p. 
The vehicle solution was 5% DMSO, 40% PEG300, 5% Tween- 80, 
and 50% saline. After 9 days, xenografts were harvested for further 
analyses.

2.15  |  Immunohistochemistry and 
immunofluorescence

The xenografts were fixed in 4% paraformaldehyde for 24 hours 
and then embedded in paraffin and serially sectioned (4 μm). For 
IHC, the specimens were incubated with α- SMA, fibronectin, and 
CXCL1 antibodies overnight at 4℃ and then detected by using the 
UltrasensitiveTM SP (Mouse/Rabbit) IHC kits (KIT- 9710, MXB) and 
DAB kits (DAB- 0031, MXB). Hematoxylin was used to stain the nu-
cleus. The staining intensity was classified into four levels: negative 
(0), weak (1), moderate (2), and strong (3). The staining extent was 
also classified into four levels: 1 (≤25%), 2 (25%- 50%), 3 (51%- 75%), 
and 4 (>75%). Immunohistochemistry score was calculated by multi-
plying the two levels together. For IF, the specimens were incubated 
with CD31 antibody overnight at 4℃ and then with Cy3- conjugated 
IgG. Analyses were performed with a fluorescent microscope 
(Biozero BZ- 8000, Keyence). Microvessel density was counted from 
six random microscopic fields.

2.16  |  Statistical analysis

All the results are expressed as means ± SEM from triplicates of in-
dependent experiments and analyzed by student's t tests or one- 
way ANOVA by using the GraphPad Prism software. Statistical 
significance of the results was verified when P < .05.

F I G U R E  1  Hypoxic melanoma- derived small extracellular vesicles (sEVs) enhance the proangiogenic capability of cancer- associated 
fibroblasts (CAFs). Small extracellular vesicles secreted by normoxic and hypoxic A375 cells were identified by TEM (A) and dynamic light- 
scattering analysis (B). Scale bar: 200 nm. N, normoxic; H, hypoxic. C, Protein markers of sEVs (TSG101, CD9, and CD81) and endoplasmic 
reticulum (calnexin) were detected by Western blot. D, The uptake of PKH26- labeled A375 sEVs by HFF- 1 cells was investigated by 
confocal microscope. Scale bar: 40 μm. E, The expression of CAF markers (FAP and α- SMA) in HFF- 1 cells was examined by Western blot 
after different treatments for 24 h. GAPDH was used as the internal control. Cell Counting Kit- 8 proliferation assay (F), scratch assay (G, H), 
and tube formation assay (I, J) investigated the effects of conditioned medium (CM) from HFF- 1 cells, normoxic A375 sEV- treated HFF- 1 
cells, and hypoxic A375 sEV- treated HFF- 1 cells on HUVEC proliferation, migration, and tube formation. Scale bar: 50 μm. Independent 
experiments were performed in triplicate. *P < .05, **P < .01, ***P < .001; Student's t tests. Values represent means ±SEM
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3  |  RESULTS

3.1  |  Hypoxic melanoma- derived sEVs enhance the 
proangiogenic capability of CAFs in vitro

In this study, sEVs were isolated from the culture supernatant of 
human melanoma cell line A375 cells cultured under normoxic and 
hypoxic conditions. Both normoxic and hypoxic sEVs exhibited cup 
and biconcave morphology (Figure 1A). TEM and dynamic light scat-
tering analysis revealed that the diameter of most particles was 
below 200 nm (Figure 1A,B). Besides, the presence of sEV markers 
(TSG101, CD9, and CD81) and absence of an endoplasmic reticu-
lum marker (calnexin) confirmed the existence and purity of sEVs as 
shown by Western blot (Figure 1C, Figure S1).

Our previous studies indicated that melanoma- derived sEVs 
could convert fibroblasts into CAFs.5,6 In this study, the normoxic 
and hypoxic sEVs were fluorescently labeled with PKH26 and 
added to the culture medium of HFF- 1 fibroblasts. After 12 hours 
of incubation, the cytosol of HFF- 1 cells was fluorescently 
stained, confirming the uptake of sEVs by HFF- 1 cells (Figure 1D). 
Treatment with sEVs significantly upregulated CAF marker expres-
sion (FAP and α- SMA) in HFF- 1 cells, indicating that both normoxic 
and hypoxic melanoma- derived sEVs could transform fibroblasts 
into CAFs (Figure 1E).

We had found that melanoma- derived exosomes could induce 
the proangiogenic switch of CAFs.5 However, the effects of hypoxic 
melanoma- derived sEVs on the proangiogenic capability of CAFs 
were still unclear. In this study, we used the CM from normoxic and 
hypoxic sEV– treated HFF- 1 cells to cultivate HUVECs. Cell- Counting 
Kit- 8 proliferation assay showed that the CM of hypoxic sEV– treated 
HFF- 1 cells promoted HUVEC proliferation more efficiently than the 
normoxic counterpart (Figure 1F). Furthermore, scratch assay and 
tube formation assay revealed that the CM of hypoxic sEV– treated 
HFF- 1 cells was more potent than the normoxic counterpart to pro-
mote HUVEC migration and tube formation (Figure 1G- J).

3.2  |  Hypoxic melanoma- derived sEVs improve the 
proangiogenic capability of CAFs by upregulating 
CXCL1 expression

To investigate mechanisms underlying the hypoxic sEV– induced 
proangiogenic capability improvement of CAFs, transcriptome of 

HFF- 1 cells and sEV- treated HFF- 1 cells was compared by RNA- 
seq analysis. We searched every target among the markedly up-
regulated genes in the PubMed database (Figure 2A) and found 
large amounts of reports revealing the proangiogenic capability 
of CXCL1.7- 9 Besides, there were few reports linking other upreg-
ulated molecules (especially FAM86B2, GOLGA8Q, RIMBP3C, 
CD302, PCDHB11, and MOB4) with angiogenesis. CXCL1 was 
significantly upregulated in normoxic and hypoxic sEV– treated 
HFF- 1 cells. Meanwhile, the CXCL1 level was much higher in hy-
poxic sEV– treated HFF- 1 cells than the normoxic counterpart 
(Figure 2A). Western blot and ELISA verified that CXCL1 expres-
sion and secretion levels were obviously upregulated in normoxic 
sEV– treated HFF- 1 cells and even higher in hypoxic sEV– treated 
HFF- 1 cells (Figure 2B,C). Therefore, we hypothesized that 
CXCL1 played a crucial role in hypoxic sEV– induced proangio-
genic capability improvement of CAFs. To verify this hypothesis, 
we added CXCL1 antibody into the CM of sEV- treated HFF- 1 
cells to block active CXCL1 (Figure 2D, Figure S2), and then used 
this CM to cultivate HUVECs. Cell- Counting Kit- 8 proliferation 
assay, scratch assay, and tube formation assay revealed that 
blocking CXCL1 in the CM of sEV- treated HFF- 1 cells remark-
ably inhibited HUVEC proliferation, migration, and tube forma-
tion (Figure 2E- H).

3.3  |  Melanoma- derived sEVs regulate CXCL1 
expression and the proangiogenic capability of CAFs 
through IKK/IκB/NF- κB signaling pathway

How melanoma- derived sEVs regulate chemokine expression in 
CAFs was not fully understood. As the NF- κB pathway was found to 
participate in hypoxic response and chemokine regulation in tumor 
cells,10 we investigated whether the NF- κB pathway regulated sEV- 
induced CXCL1 expression in CAFs. Western blot showed that 
treatment of A375- secreted sEVs, especially hypoxic A375- secreted 
sEVs, significantly elevated p- IKKα/β, p- IκBα, NF- κB, and CXCL1 
levels in HFF- 1 cells (Figure 3A). However, APDC, an NF- κB pathway 
inhibitor, significantly reduced p- IKKα/β, p- IκBα, NF- κB, and CXCL1 
levels in sEV- treated HFF- 1 cells (Figure 3B). Moreover, APDC re-
markably downregulated CXCL1 secretion from sEV- treated HFF- 1 
cells (Figure 3C).

To explore the effects of the NF- κB pathway on the proangio-
genic capability of CAFs, we stimulated sEV- treated HFF- 1 cells 

F I G U R E  2  Hypoxic melanoma- derived small extracellular vesicles (sEVs) improve the proangiogenic capability of cancer- associated 
fibroblasts (CAFs) by upregulating CXCL1 expression. A, The transcriptome in HFF- 1 cells treated with normoxic and hypoxic A375 sEVs was 
detected by RNA- seq analysis. The gene expression levels in different groups were compared and ranked by ratio. The heat map exhibited 
the top upregulated genes. N, normoxic; H, hypoxic. B, C, CXCL1 expression and secretion levels in HFF- 1 cells treated with normoxic and 
hypoxic A375 sEVs were investigated by Western blot and ELISA. The conditioned medium (CM) of A375 sEV- treated HFF- 1 cells was 
collected and mixed with IgG and CXCL1 antibody. D, CXCL1 antibody significantly blocked active CXCL1 in the CM of A375 sEV- treated 
HFF- 1 cells. Effects of the CM on HUVEC proliferation, migration, and tube formation was examined by CCK- 8 assay (H), scratch assay (E, 
F), and tube formation assay (E, G). In CCK- 8 assay, proliferation levels of HUVECs at 0 h were used as control. Proliferation levels at 48 h 
are presented. Ab, antibody. Scale bar: 50 μm. Independent experiments were performed in triplicate. NS, not significant. *P < .05, **P < .01, 
***P < .001; Student's t tests. Values represent means ±SEM
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with APDC and then collected the CM to cultivate HUVECs. Cell 
Counting Kit- 8 proliferation assay, scratch assay, and tube forma-
tion assay showed that the APDC treatment significantly alleviated 

the promoting effects of CM collected from sEV- treated HFF- 1 
cells on HUVEC proliferation, migration, and tube formation 
(Figure 3D- G).



1174  |    TANG eT Al.

F I G U R E  3  Melanoma- derived small extracellular vesicles (sEVs) regulate CXCL1 expression and the proangiogenic capability of cancer- 
associated fibroblasts (CAFs) through the IKK/IκB/NF- κB signaling pathway. A, B, P- IKKα/β, p- IκBα, NF- κB, and CXCL1 levels were 
upregulated in HFF- 1 cells after sEV treatment and downregulated by APDC. GAPDH was used as the internal control. C, APDC inhibited 
CXCL1 secretion from sEV- treated HFF- 1 cells. The APDC treatment significantly reduced the promoting effects of the conditioned medium 
(CM) from sEV- treated HFF- 1 cells on HUVEC proliferation (D), migration (E, F), and tube formation (E, G). N, normoxic; H, hypoxic. Scale bar: 
50 μm. Independent experiments were performed in triplicate. **P < .01, ***P < .001, Student's t tests. Values represent means ±SEM
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3.4  |  Hypoxia promotes the enrichment of HSP90/
p- IKKα/β complex in melanoma- derived sEVs

We had found that exosomal transfer of miR- 155- 5p from melanoma 
B16 and B16F10 cells to CAFs could induce the proangiogenic switch 
of CAFs.5 As B16 was a low- metastatic melanoma cell line while 
B16F10 was high metastatic, we used proteomic analysis to compare 
normoxic and hypoxic sEVs isolated from both cells. In virtue of the 
NCBI gene database and STRING v11 database,11 we searched every 
top upregulated molecule from proteome analyses and discovered 
that chaperone HSP90AA1 had a close association with the IKK/
IκB/NF- κB signaling pathway and exhibited higher levels in hypoxic 
sEVs and high- metastatic melanoma– derived sEVs (Figure 4A, B). 
Meanwhile, HSP90 subtype HSP90AB1 was also closely associated 
with the IKK/IκB/NF- κB signaling pathway (Figure 4B). Western blot 
verified that hypoxic A375- derived sEVs contained higher levels 
of HSP90AA1 and HSP90AB1 than normoxic A375- derived sEVs 
(Figure 4C). It was found that p- IKKα/β could be the client protein 
of HSP90.12 In our study, Western blot confirmed the presence of 
p- IKKα/β in A375- derived sEVs and higher level of p- IKKα/β in hy-
poxic A375- derived sEVs (Figure 4C). Specifically, p- IKKα/β could be 
detected in the cytosol, but not on the membrane of A375- derived 
sEVs (Figure 4D). Moreover, HSP90 inhibitor 17- AAG dramatically 
reduced p- IKKα/β levels in normoxic and hypoxic A375- derived sEVs 
(Figure 4E). Furthermore, the results of Co- IP analysis confirmed 
that p- IKKα/β bonded chaperones HSP90AA1 and HSP90AB1 in 
normoxic and hypoxic A375- derived sEVs. Pretreating sEVs with 17- 
AAG inhibited the bond between p- IKKα/β and HSP90 (Figure 4F, 
Figure S3). These results indicated that hypoxia could promote the 
enrichment of the HSP90/p- IKKα/β complex in melanoma- derived 
sEVs.

3.5  |  Melanoma- derived sEVs activate the 
IKK/IκB/NF- κB/CXCL1 axis and enhance the 
proangiogenic capability of CAFs by delivering the 
HSP90/p- IKKα/β complex

Treatment with normoxic and hypoxic A375- derived sEVs elevated 
HSP90 and p- IKKα/β levels in HFF- 1 cells (Figure 5A). To clarify the 
effects of the HSP90/p- IKKα/β complex delivered by melanoma- 
derived sEVs on IKK/IκB/NF- κB/CXCL1 axis in CAFs, normoxic 
and hypoxic A375- derived sEVs were preincubated with 200 nM 
(0.117 μg/mL) 17- AAG and then isolated to treat HFF- 1 cells. The 
fluorescently stained cytoplasm of HFF- 1 cells verified the uptake 
of 17- AAG- pretreated PKH26-  and CFSE- labeled sEVs (Figure S4, 
Video S1 and S2). Western blot showed that pretreating sEVs 
with 17- AAG significantly reduced p- IKKα/β, p- IκBα, NF- κB, and 
CXCL1 levels in sEV- treated HFF- 1 cells (Figure 5B). Pretreating 
sEVs with 17- AAG also remarkably reduced CXCL1 secretion in 
sEV- treated HFF- 1 cells (Figure 5C). Furthermore, we performed 
HPLC and mass spectrometry to measure the concentration of 
17- AAG in the 17- AAG- pretreated sEVs. The results revealed that 

the mean concentration of 17- AAG was 0.0017 μg/mL in normoxic 
sEVs and 0.0066 μg/mL in hypoxic sEVs (Figure S5A, B). To inves-
tigate whether the carryover of 17- AAG in sEVs would obviously 
inhibit the IKK/IκB/NF- κB/CXCL1 pathway in HFF- 1 cells, we as-
sumed that the concentration of carryover reached 0.008 μg/mL 
and used 0.008 μg/mL 17- AAG to stimulate HFF- 1 cells. Western 
blot revealed that 0.008 μg/mL 17- AAG could not apparently inhibit 
the IKK/IκB/NF- κB/CXCL1 pathway in HFF- 1 cells (Figure S5C,D). 
Indeed, at least part of 17- AAG firmly bonded HSP90 in sEVs, so the 
actual concentration of dissociative 17- AAG in sEVs was even less. 
Therefore, the influence of carryover of 17- AAG in sEVs on the IKK/
IκB/NF- κB/CXCL1 pathway in HFF- 1 cells could be ignored. These 
results indicated that the delivery of the HSP90/p- IKKα/β complex 
by melanoma- derived sEVs was able to activate the IKK/IκB/NF- κB/
CXCL1 axis in CAFs.

Furthermore, we used the CM of HFF- 1 cells which were treated 
with sEVs and 17- AAG– pretreated sEVs to cultivate HUVECs. In 
CCK- 8 proliferation assay, scratch assay, and tube formation assay, 
HUVEC proliferation, migration, and tube formation levels appar-
ently declined in the groups in which sEVs were pretreated with 17- 
AAG (Figure 5D- G).

3.6  |  Blocking HSP90 impairs the promoting 
effects of sEVs on melanoma angiogenesis and 
progression in vivo

To explore the functions of melanoma- derived sEVs and HSP90 in 
vivo, xenograft models were set up. As Figure 6A- C showed, tumor 
masses grew larger and heavier in the groups treated with nor-
moxic and hypoxic A375- derived sEVs. Besides, tumor masses in 
the hypoxic sEV– treated group were heavier and larger than those 
in the normoxic sEV– treated group. Intriguingly, application of 17- 
AAG significantly decreased tumor weight and size of xenografts. 
Furthermore, IHC analysis showed that treatment with sEVs up-
regulated α- SMA and CXCL1 expression in fibroblasts (fibronectin- 
positive districts). But 17- AAG potently inhibited α- SMA and CXCL1 
expression in fibroblasts within the TME (Figure 6D- F, Figure S6). 
Moreover, treatment with sEVs increased the MVD of xenografts, 
but 17- AAG notably lowered the MVD (Figure 6G,H).

4  |  DISCUSSION

Our previous study revealed that melanoma- derived exosomes 
could induce the proangiogenic switch of CAFs,5 but the roles 
and underlying mechanisms of hypoxic melanoma- derived sEVs 
in CAF modulation remained poorly understood. Here, we found 
that hypoxic stress could promote the enrichment of the HSP90/
p- IKKα/β complex in melanoma- derived sEVs; sEVs derived from 
melanoma cells especially hypoxic melanoma cells could activate 
the IKK/IκB/NF- κB/CXCL1 axis in CAFs; and elevated CXCL1 se-
cretion from CAFs was able to promote tumor angiogenesis and 
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F I G U R E  4  Hypoxia promotes the enrichment of the HSP90/p- IKKα/β complex in melanoma- derived small extracellular vesicles (sEVs). 
A, The ratio of protein levels as hypoxic sEVs versus normoxic sEVs and B16- derived sEVs versus B16F10- derived sEVs was ranked, and 
the top shared upregulated proteins were exhibited as heat map. B, The correlation between HSP90 subtypes and the IKK/IκB/NF- κB/
CXCL1 pathway was obtained from the STRING v11 database. C, HSP90AA1, HSP90AB1, and p- IKKα/β levels in normoxic and hypoxic 
A375- derived sEVs was detected by Western blot. TSG101 was used as the internal control. D, P- IKKα/β could be detected in the cytosol 
but not on the membrane of normoxic and hypoxic A375- derived sEVs. CD81 was used as the marker of sEV membrane. E, 17- AAG 
dephosphorylated p- IKKα/β in normoxic and hypoxic A375- derived sEVs. F, Coimmunoprecipitation (Co- IP) analysis showed that p- IKKα/β 
bonded chaperones HSP90AA1 and HSP90AB1 in normoxic and hypoxic A375- derived sEVs, and pretreating sEVs with 17- AAG inhibited 
the bond between p- IKKα/β and HSP90. N, normoxic; H, hypoxic. Independent experiments were performed in triplicate
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progression in vitro and in vivo (Figure 7). Furthermore, targeting 
chaperone HSP90 might be a potential therapeutic strategy for 
melanoma treatment.

Small extracellular vesicles play key roles in intercellular com-
munication between tumor and stromal cells within the TME. By 
secreting sEVs, tumor cells orchestrate stromal cells to facilitate 

F I G U R E  5  Melanoma- derived small extracellular vesicles (sEVs) activate the IKK/IκB/NF- κB/CXCL1 axis and enhance the proangiogenic 
capability of cancer- associated fibroblasts (CAFs) by delivering the HSP90/p- IKKα/β complex. A, HSP90AA1, HSP90AB1, and p- IKKα/β 
levels in HFF- 1 cells were detected after normoxic and hypoxic A375- derived sEV stimulation. GAPDH was used as the internal control. 
N, normoxic; H, hypoxic. B, Pretreating sEVs with 17- AAG reduced p- IKKα/β, p- IκBα, NF- κB, and CXCL1 levels in sEV- treated HFF- 1 cells. 
C, Pretreating sEVs with 17- AAG reduced CXCL1 secretion in sEV- treated HFF- 1 cells. HUVEC proliferation (D), migration (E, F), and tube 
formation (E, G) were significantly inhibited when sEVs were pretreated with 17- AAG. Scale bar: 50 μm. Independent experiments were 
performed in triplicate. *P < .05, **P < .01, ***P < .001; Student's t tests. Values represent means ±SEM
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F I G U R E  6  Blocking HSP90 impairs the promoting effects of small extracellular vesicles (sEVs) on melanoma angiogenesis and 
progression in vivo. Xenografts were extracted, photographed (A) and weighed (B). The size of xenografts was measured every day (C). 
The expression of fibronectin, α- SMA, and CXCL1 in xenografts was detected by immunohistochemistry (IHC) analysis (D) and quantified 
(E, F). Endothelial marker CD31 in xenografts was detected by fluorescent microscope, and microvessel density (MVD) of xenografts was 
quantified (G, H). N, normoxic; H, hypoxic. Scale bar: 20 μm (D), 100 μm (G). Independent experiments were performed in triplicate. *P < .05, 
**P < .01, ***P < .001; Student's t tests. Values represent means ±SEM
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tumor progression. Within solid tumors, hypoxia could promote sEV 
secretion from tumor cells and alter the cargos of sEVs. These hy-
poxic sEVs played critical roles in tumor progression and TME reg-
ulation.13,14 We had found that melanoma- derived exosomes could 
transfer miR- 155- 5p to trigger the proangiogenic switch of CAFs.5 
However, the effects of hypoxic melanoma- derived sEVs on CAF 
phenotype modulation were still elusive. In this study, we found that 
hypoxic melanoma- derived sEVs were able to enhance the proan-
giogenic capability of CAFs in vitro and promote tumor angiogenesis 
and progression in vivo. As a major component of the TME, CAFs 
could promote tumor angiogenesis by secreting several proangio-
genic factors.5,15,16 The proangiogenic switch of CAFs could be in-
duced by cytokines and EVs secreted from tumor cells.5,17 However, 
how hypoxic tumor cell– secreted sEVs enhance the proangiogenic 
capability of CAFs was still unclear. Here, we found that hypoxic 
melanoma- derived sEVs significantly improved CXCL1 expression 
and secretion in CAFs, and blocking CXCL1 in the CM of CAFs appar-
ently inhibited HUVEC proliferation, migration, and tube formation. 
CXCL1 is one of the crucial contributors to melanoma progression 
and a potent regulator of angiogenesis.18,19 In this study, we found 
that the proangiogenic capability enhancement of CAFs was due 
to CXCL1 expression improvement induced by hypoxic melanoma- 
derived sEVs.

The NF- κB signaling pathway plays critical roles in inflammation 
regulation and hypoxic response.10 Here, we found that melanoma 
cell– derived sEVs upregulated CXCL1 expression in CAFs through 
the IKK/IκB/NF- κB signaling pathway, and blocking the IKK/IκB/
NF- κB signaling pathway remarkably attenuated the proangio-
genic capability of CAFs. Previous studies had found that tumor 
cell– derived EVs could transfer M2 pyruvate kinase, latent mem-
brane protein 1, and integrin beta- like 1 into CAFs, leading to the 
persistent activation of the NF- κB signaling pathway in CAFs.20- 23 
However, the mechanisms underlying NF- κB signaling activation in 
CAFs induced by melanoma- derived sEVs remained unclear. In this 

study, we discovered that hypoxia could promote the enrichment of 
the HSP90/p- IKKα/β complex in melanoma- derived sEVs. Transfer 
of the HSP90/p- IKKα/β complex to CAFs by sEVs significantly acti-
vated the IKK/IκB/NF- κB/CXCL1 axis in CAFs.

HSP90 is aberrantly upregulated in varieties of tumors includ-
ing melanoma.24 As a chaperone, HSP90 takes part in client protein 
folding, trafficking, and degradation and plays key roles in signal 
transduction and intracellular communication.25,26 Besides, the 
complexes of HSP90 and its client proteins could be transferred to 
stromal cells by tumor- derived EVs.27 In this study, we found that 
HSP90 bonded p- IKKα/β, and the HSP90/p- IKKα/β complex could 
be delivered to fibroblasts by melanoma- derived sEVs. Pretreating 
sEVs with 17- AAG remarkably decreased the load of p- IKKα/β in 
normoxic and hypoxic sEVs and attenuated the promoting effects 
of sEVs on IKK/IκB/NF- κB signaling activation and CXCL1 expres-
sion in CAFs. Targeting HSP90 might be a promising strategy for on-
cotherapy. Combination therapy with HSP90 inhibitors prominently 
elevated the antitumor efficacy of antitumor agents.28- 30 Targeting 
HSP90 could inhibit tumor proliferation, angiogenesis, and drug re-
sistance31- 33 and reduce contractility and motility of CAFs.34 In this 
study, pretreating sEVs with 17- AAG obviously reduced the proan-
giogenic capability of CAFs in vitro. In an in vivo study, 17- AAG in-
hibited tumor growth and reduced α- SMA and CXCL1 expressions 
in fibroblasts within the TME. Moreover, 17- AAG remarkably inhib-
ited angiogenesis in the tumor masses. A previous study found that 
HNSCC cells secreted TGF- β and miR- 192/215– rich sEVs to promote 
CAF- like differentiation. High levels of miR- 192/215– family miRNAs 
in HNSCC sEVs targeted Caveolin- 1 and inhibited TGF- β/SMAD sig-
naling, leading to CAF- like differentiation of the fibroblasts.14 In our 
in vivo study, the group with hypoxic sEV injection exhibited a high 
level of α- SMA staining, while 17- AAG treatment groups showed sig-
nificantly lower levels of α- SMA staining. It suggested that HSP90 
in sEVs might play an important role in CAF differentiation and de-
serves further investigation.

However, there were some defects in this study. Firstly, more cell 
lines and primary cells needed to be enrolled in this study. Secondly, 
technological loss of sEVs during sample preparation for RNA- seq 
analysis made the results undesirable. Therefore, better EV prepa-
ration methods are required for further studies. Notably, the pro-
teomic analysis of sEVs showed that HSP90 was at a higher level in 
high- metastatic melanoma– derived sEVs. Therefore, further studies 
should explore the roles of HSP90 in melanoma metastasis.

In summary, hypoxia could promote the enrichment of the HSP90/
p- IKKα/β complex in melanoma- derived sEVs, and the transfer of 
HSP90/p- IKKα/β to CAFs by sEVs could activate the IKK/IκB/NF- κB 
signaling pathway and promote CXCL1 expression and secretion in 
CAFs, which led to melanoma angiogenesis and progression. These 
findings deepen the understanding of hypoxic response in melanoma 
progression and provide potential targets for melanoma treatment.
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