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Abstract

Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) is a multifunctional RNA-

binding protein with an oncofetal pattern of expression shown to be implicated in the development 

of a variety of malignancies. In this study, we explored the role and mechanisms of IGF2BP1 in 

melanoma development and progression. In two different in vivo models, we showed that while 

genetic deletion or shRNA-mediated suppression of IGF2BP1 did not affect primary tumor 

formation, it drastically suppressed lung metastasis. Here we demonstrated that extracellular 

vesicles (EVs) secreted by melanoma cells mediate the effects of IGF2BP1 on metastasis: EVs 

from the IGF2BP1 knockdown melanoma cells failed to promote metastasis whereas EVs isolated 

from IGF2BP1-overexpressed melanoma cells further accelerated EV-induced metastasis. 

Moreover, the EVs from IGF2BP1 knockdown melanoma cells inhibited fibronectin deposition 

and accumulation of CD45+ cells in the lungs compared to control EVs, thus blocking the pre-

metastatic niche formation potential of EVs. IGF2BP1 knockdown did not affect size, number, or 

protein/RNA concentration of secreted EVs or their uptake by recipient cells in vitro or in vivo. 

However, RNA-sequencing and proteomics analysis of the EVs revealed differential expression in 

a number of mRNA, proteins and miRNAs. This suggested that IGF2BP1 is intimately involved in 

the regulation of the cargo of EVs, thereby affecting the pro-metastatic function of melanoma-

derived EVs. To the best of our knowledge, this is the first study that demonstrates the role of 

RNA-binding protein IGF2BP1 in EV-mediated promotion of melanoma metastasis and may 

provide novel avenues for the development of metastatic inhibitors.
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Introduction

Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1), also commonly known as 

IMP1 or coding region determinant-binding protein (CRD-BP), is a multifaceted RNA-

binding, oncofetal protein that plays a role in a multitude of processes. While it is expressed 

during embryogenesis in fetal and neonatal tissues in copious amounts, IGF2BP1 is 

undetectable in most adult tissues. However, it is aberrantly overexpressed in a number of 

tumor types, and de novo synthesis of IGF2BP1 has been reported in a number of human 

cancers. Its elevated expression has been found to directly correlate with poor prognosis in 

most cancer types (1, 2). Several reports have demonstrated that IGF2BP1 stabilizes the 

mRNA of pro-proliferative or tumor-promoting genes, including c-myc, βTrCP1, GLI1, 

MITF, MDR1 (3–9). It is also involved in posttranscriptional regulation of transcripts 

encoding proteins for cell adhesion, invasion, cytoplasmic spreading, and matrix remodeling 

(reviewed in (10)).

Melanoma is an extremely metastatic form of skin cancer, which has been on a steady rise 

for the past three decades. While it accounts for only 1% of all skin cancers, it causes a 

majority of deaths from skin cancer due to its aggressive nature. We have previously 

demonstrated that IGF2BP1 is upregulated in melanomas and have investigated the role of 

IGF2BP1 in melanoma in cell culture systems (11, 12). Knockdown of IGF2BP1 has been 

shown to sensitize certain types of melanoma either to BRAF/BRAF-MEK inhibitors (13) or 

to chemotherapeutic agents (12). However, the contribution of this RNA-binding protein to 

the metastatic spread of melanoma has not been explored in vivo.

Recent research has unveiled novel components of the secretome, which have been shown to 

be crucial to tumor progression (14–17). These secreted factors, extracellular vesicles (EVs) 

and their subcategory - exosomes (18), transport functional proteins, nucleic acids, and 

lipids to recipient cells, thereby reprogramming them. Recent studies in different tumor 

models have also emphasized the key contribution of exosomes in driving pre-metastatic 

niche initiation, to prepare distant sites for the homing of cancer cells via the “education” of 

bone marrow-derived cells (14, 19, 20).

In this study, we aimed to delineate the role of IGF2BP1 in metastasis of melanoma, 

utilizing two different mouse models. We showed that suppression of IGF2BP1 drastically 

inhibits melanoma metastasis in vivo. Specifically, we demonstrated that EVs mediate the 

effect of IGF2BP1 on metastasis by affecting the formation of pre-metastatic niche. We 

found that inhibiting IGF2BP1 altered the cargo of the EVs, which potentially regulated a 

plethora of signaling networks, culminating in the inhibition of metastasis.
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Results

Genetic deletion of IGF2BP1 suppresses melanoma metastasis

To determine the contribution of IGF2BP1 to tumor progression, we utilized a well-

established BRAF/PTEN mouse model of melanoma (21) in combination with 

IGF2BP1loxP/loxP mice that we have developed previously (22). Herein, we observed a 

marked difference in lymph node metastasis between IGF2BP1 –WT (Tyr::CreERT2 

PTENloxP/loxP Braf F-V6000/+) control and IGF2BP1 knockout (Tyr::CreERT2 PTENloxP/loxP 

Braf F-V6000/+ IGF2BP1loxP/loxP) groups of mice when topical administration of tamoxifen 

was used to induce BRAFV600E expression along with PTEN and IGF2BP1 deletion in 

melanocytes. The percentage of mice bearing metastatic lesions in the lymph node was 

significantly higher in the control group than the knockout group (Fig. 1A). While 

metastasis to lungs is not common in the PTENloxP/loxP Braf F-V6000/+ mouse model (21), 

20% of the mice in the control group of our study were found to develop metastatic lung 

lesions. This number was notably higher compared to the IGF2BP1 knockout group in 

which none of the mice displayed lung metastasis (Fig. 1B). Surprisingly, there was no 

significant difference in the primary tumor formation between the control and IGF2BP1 

knockout groups. Even though tumor appearance was slightly delayed in the IGF2BP1 

knockout group compared to the control group, there was no significant difference in their 

survival or tumor volume at the conclusion of the experiment (Supplementary Fig. S1A–C). 

Similarly, no significant differences in primary tumor development were observed when 

tamoxifen was administered intraperitoneally in the same mouse model (Supplementary Fig. 

S1D–E).

Knocking down IGF2BP1 reduces metastasis in syngeneic metastasis model

To validate the results obtained in our PTENloxP/loxP Braf F-V6000/+ mouse model in a 

different mouse model, we utilized a syngeneic mouse model to elucidate the role of 

IGF2BP1 in metastasis. A marginal difference was observed in the primary tumor volume 

between the two groups of mice that were injected with control (uninduced pInducer24 

shIGF2BP1 construct) and doxycycline-induced IGF2BP1 knockdown SW1 cells 

pInducer24 (Fig. 1C). Also, in keeping with the observations from our previous model, we 

found a substantial reduction in the number of metastatic lesions in the lungs of the mice 

that received IGF2BP1 knockdown SW1 pInducer24 cells compared to the control group 

(Fig. 1D and E). In fact, the mice injected with control cells did not exhibit any metastatic 

lesion in the lungs as observed after sectioning and staining (Fig. 1F). These experiments 

were duplicated with SW1 cells having the M1 shIGF2BP1 construct in lieu of the 

pInducer24 construct, and similar results were obtained as above (Supplementary Fig. S2). 

These data suggest that even though suppression of IGF2BP1 hardly affected the growth and 

development of the primary tumors, it drastically inhibited melanoma metastasis. A control 

cohort of mice was used to confirm that doxycycline-containing food did not affect lung 

metastasis (Supplementary Fig. S3).

To understand the contribution of IGF2BP1 to melanoma metastasis at the stages of 

circulating tumor cells exit the blood stream and their ability to form colonies in the lungs, 

we have intravenously injected SW1 cells into tail-vein of the C3H mice (Supplementary 
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Fig. S4). Interestingly, inhibition of IGF2BP1 did not affect the ability of melanoma cells to 

metastasize suggesting that IGF2BP1 plays a minimal (if any) role in their extravasation and 

lung colonization.

Overexpression of IGF2BP1 correlates with poor clinical outcomes in melanoma patients

Given our results on the role of IGF2BP1 in melanoma metastasis in mouse models, we 

sought to elucidate whether the levels of IGF2BP1 expression are associated with clinical 

outcomes in melanoma patients. Statistical analysis of patient data available in The Cancer 

Genome Atlas (TCGA) showed that IGF2BP1 levels are strongly associated with patient 

survival (Supplementary Fig. S5). Patients without IGF2BP1 overexpression were found to 

have a three-fold higher median survival than patients with an overexpression of the gene. 

Disease-free survival was also found to be more than three-fold higher in patients without 

IGF2BP1 overexpression as opposed to patients with IGF2BP1 overexpression. As patient 

mortality is primarily determined by the extent of melanoma metastasis, our data revealing 

the role of IGF2BP1 in metastasis seemed to be in accordance with these statistics.

Inhibition of IGF2BP1 does not affect intrinsic pro-metastatic properties of mouse 
melanoma cells

In order to understand the mechanisms responsible for IGF2BP1 effects on metastasis, we 

first assessed if it regulates the pro-metastatic intrinsic properties of SW1 cells. With this 

aim, we analyzed changes in migration and invasion potential of SW1 cells after knocking 

down IGF2BP1. The cell migration assay did not reveal a significant difference between the 

control and IGF2BP1 knockdown cells (Supplementary Fig. S6A). Although IGF2BP1 

knockdown cells showed lesser invasive properties than the control cells in the invasion 

assay (Supplementary Fig. S6B), the difference was not significant.

Inhibition of IGF2BP1 does not significantly affect secretion of cytokines and chemokines 
by melanoma cells

Since IGF2BP1 had a dramatic effect on metastasis without altering the intrinsic pro-

metastatic properties of the melanoma cells, we hypothesized that it can affect factors 

secreted by melanoma cells that influence metastasis through interaction with tumor 

microenvironment or distant sites. Intriguingly, the top pathways that were identified in a 

gene enrichment analysis of RNA-seq data (heatmap showed in Supplementary Fig. S7) 

were cytokine and chemokine networks (Supplementary Fig. S7), which led us to postulate 

that IGF2BP1 could affect these secretory growth factors to alter the tumor 

microenvironment in vivo. However, an extensive cytokine profile panel of 32 different 

cytokines (Supplementary Fig. S8) from the in vitro culture media of control and IGF2BP1 

knockdown SW1 cells revealed that there was no significant difference between the groups, 

in spite of the difference found at the mRNA level. This ruled out the possibility of a 

cytokine-mediated effect of IGF2BP1 on melanoma metastasis.
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Characterization of extracellular vesicles (EV) isolated from the media of IGF2BP1 
knockdown melanoma cells

Building on the above rationale, we explored the possibility that EVs, which are cell-derived 

vesicles of endocytic origin carrying abundant nucleic acids and proteins, might mediate the 

role of IGF2BP1 in metastasis. EVs in the size range of 30–150 nm are typically called 

exosomes. Since accumulating evidence suggests that exosomes contribute to metastasis 

primarily via the formation of pre-metastatic niche (14, 20), we investigated the role of the 

EVs in our study. We isolated EVs from control and IGF2BP1 knockdown SW1 cells using 

two different methods of purification as elaborated in the methods section. The isolated EVs 

were characterized with Nanosight nanoparticle-tracking analysis (NTA), transmission 

electron microscopy (TEM), and Western blots. NTA and TEM analyses revealed that the 

isolated particles ranged from 100 nm to 150 nm in size, which is within the acceptable size 

range for exosomes. Fig 2A and B, demonstrating the NTA and TEM analyses respectively, 

illustrate that the EVs isolated with the sucrose cushion method were highly homogenous in 

size. Supplementary Fig. S9A and B show the same for the EVs isolated with the regular 

ultracentrifugation method. However, there was no difference in size between the EVs 

isolated from control and IGF2BP1 knockdown SW1 cells in either case. NTA data also 

illustrated that there was no significant difference in the concentration of particles 

(calculation not shown). Moreover, there was no difference in the concentration of protein 

between the control and IGF2BP1 knockdown samples (data not shown). Western blots, 

probing exosomal marker proteins CD81, HSP70, Alix, and TSG101, validated the presence 

of EVs (Fig 2 and Supplementary Fig. S9C). Interestingly, probing the expression of 

IGF2BP1 in the EVs by Western blotting revealed a faint band for IGF2BP1 in the EVs 

derived from control cells, which was absent in the EVs from IGF2BP1 knockdown cells 

(Supplementary Fig. S9C). Starting cellular material was also analyzed in the Western blots 

to show the enrichment of exosomal markers in the EVs in comparison to the cell lysates 

(Fig 2). Golgi marker GM130 was used as a negative control; it was abundantly detected in 

the cell lysates but was completely absent in the EVs, validating that the EVs were not 

contaminated with cellular material.

To further assess the role of IGF2BP1 in metastasis, wild-type IGF2BP1 (IGF2BP1WT) was 

overexpressed in SW1 cells. As the construct had a GFP tag, we used a GFP plasmid as 

control. Additionally, a GFP-tagged IGF2BP1 with a truncated KH domain (IGF2BP1dKH) 

was transduced into SW1 cells to determine if deletion of an RNA binding domain could 

abrogate the function of the protein. TEM (Supplementary Fig. S10A) and NTA 

(Supplementary Fig. S10B) analyses showed that the size of EVs did not vary between the 

three groups. This was consistent with our previous results where the EVs from control and 

IGF2BP1 knockdown cells were in the same size range. Western blotting (Supplementary 

Fig. S10C) demonstrated the expression of exosomal marker CD81 as well as a prominent 

band corresponding to the size of GFP-tagged IGF2BP1 in the EVs from IGF2BP1WT 

overexpressed cells.

EVs mediate the role of IGF2BP1 in melanoma metastasis in vivo

To understand the function of IGF2BP1 in the EV-mediated effects on melanoma metastasis, 

the EVs isolated from the media of control and IGF2BP1 knockdown SW1 cells using both 
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methods of purification detailed in the methods section were injected into separate groups of 

mice every alternate day over a period of 21 days. In addition to these two experimental 

groups, a third group of mice was injected with PBS instead of EVs. All groups were also 

injected subcutaneously on day 0 with parental SW1 cells to initiate the primary tumor 

formation. The effects of the EVs on lung metastasis were nearly identical for both types of 

EV purification; Fig. 3 details the effects of the EVs purified with the sucrose cushion 

method, while Supplementary Fig. S11 shows the same for the EVs purified with general 

ultracentrifugation. Fig. 3A and Supplementary Fig. 11A both reveal that the primary tumor 

volume was higher in the mice that received control EVs than the other two groups. While 

this difference was significant, the effect of IGF2BP1 knockdown EVs was much more 

prominent on lung metastasis. As expected, EVs from the media of control SW1 cells 

dramatically increased metastasis compared with the PBS-treated group, revealing large 

metastatic lesions all over the lungs. Strikingly, the mice receiving EVs from the media of 

IGF2BP1 knockdown cells had little or no lung lesions as determined by metastatic burden 

(area of metastatic lesions in H&E stained sections) and/or counting the number of 

metastatic lesions (Fig. 3B–E and Supplementary Fig. S11B–E). These in vivo results 

revealed that knocking down IGF2BP1 dramatically abrogated metastasis to lungs.

In vivo administration of the EVs from IGF2BP1 overexpressed cells revealed that the 

percentage of mice bearing metastatic lung lesions was higher in IGF2BP1WT overexpressed 

group compared to the other groups (Supplementary Fig. S12A and B). The same can be 

visualized in Supplementary Fig. S12C showing hematoxylin and eosin (H&E) stained 

cross-sections of the lungs. Intriguingly, the mice injected with EVs derived from the media 

of SW1 cells overexpressing RNA-binding mutant (IGF2BP1dKH) did not develop 

metastatic lung lesions on par with the IGF2BP1WT group, which suggested that RNA-

binding capability is necessary for the EV-dependent effect of IGF2BP1 on metastasis. 

These data further confirm an important role for IGF2BP1 in EV-mediated melanoma 

metastasis.

Uptake of melanoma-derived EV in vitro and in vivo

As there was no difference in the size or concentration of EVs or protein isolated from the 

control and IGF2BP1 knockdown groups, we premised that there might be differential 

internalization of EVs between the two groups leading to the difference in metastasis 

observed in our mouse model. In our in vitro experiment, uptake of fluorescent dye DiD-

labeled EVs was visualized using the sub-diffraction imaging technique Stimulated 

Emission Depletion (STED) confocal microscopy. Distinct red spherical structures in the 

size range of EVs accumulated within the NIH3T3 cells indicating the uptake of DiD-

labeled EVs (Fig. 4A, B, and C). Quantification of the normalized fluorescence is shown in 

Fig. 4D. Uptake by recipient NIH3T3 cells was in a dose-dependent fashion where the 

fluorescence intensity was directly proportional to the concentration of EVs uptaken (Fig. 

4E). However, the recipient cells showed no preference in taking up the EVs from either the 

control or knockdown group.

Intravenous injection of DiD-labeled EVs into mice and harvesting the organs after 24 hours 

verified the result obtained in our in vitro cell culture experiment. Supplementary Fig. S13 
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shows the imaging of all the organs that were harvested for visualization of uptake of the 

labeled EVs. The lungs and liver exhibited higher retention of EVs after 24 hours, which is 

in conformity with previously published literature (23). Uptake of EVs by the other organs, 

viz. heart, kidney, lymph node, and bone could not be visualized, which might have been 

because the percentage of cells taking up the EVs was not high enough for the IVIS imaging 

system to detect their fluorescence. Low-intensity fluorescence could be visualized in the 

spleen, which was congruous with the flow cytometry analysis, showing that approximately 

14% of the splenic cells had taken up the EVs. DiD-labeled liposomes were taken up to 

some extent by the liver and showed a low signal, which was in agreement with previously 

published data (23). EVs isolated from doxycycline-treated and untreated SW1 cells lacking 

the shIGF2BP1 construct were injected as controls. These EVs accumulated in the lungs of 

the mice after 24 hours of injection. Since the bone marrow and spleen are pivotal in pre-

metastatic niche formation, we isolated single cells from the bone marrow and spleen of the 

mice and analyzed them for the internalization of fluorescent DiD-labeled EVs (Fig. 4F and 

G, and Supplementary Fig. S14). While there was a significant uptake of EVs by the spleen 

and bone marrow, there was no difference in uptake between the control and IGF2BP1 

knockdown groups. EV biodistribution was distinctly visualized and quantified by the 

aforementioned in vitro and in vivo experiments, but there was no significant difference 

between the control and IGF2BP1 knockdown SW1 cells that could have affected 

metastasis.

Pre-metastatic niche formation

Given that exosomes have been reported to “educate” bone marrow-derived cells, our EV 

tissue biodistribution experiment, illustrating that the spleen and bone marrow were taking 

up EVs, led us to evaluate if knocking down IGF2BP1 might have altered the “education” 

potential of the EVs. In this regard, we examined if EVs promote a fibrotic 

microenvironment in the lungs and thereby recruit CD45+ cells. Using immunofluorescence, 

we found a pronounced increase in CD45 and fibronectin (Fig. 5A and B for sucrose cushion 

method and Supplementary Fig. S15A and B for general method of EV purification) in the 

lungs of the mice treated with EVs from control SW1 cells compared to the group that did 

not receive EVs. In contrast, the mice that received EVs from IGF2BP1 knockdown cells 

had markedly decreased fibronectin deposition and CD45+ cells. Graphical representations 

of quantified fluorescence are shown along with the images of fluorescence tissue sections.

To avoid possible cell line-specific artifacts, we have generated another mouse melanoma 

cell line, PVMM, with inducible CRISPR/Cas9-mediated knockout of IGF2BP1 

(Supplementary Fig. S16A). Similar to the results obtained using SW1 cells in C3H mice, 

EVs isolated from IGF2BP1-defficient PVMM cells (Western blot characterization of EVs 

shown in Supplementary Fig. S16B) were less efficient then EVs from control cells in 

promoting development of premetastatic niche in the lungs of C57BL/6J mice, as evidenced 

by infiltration by CD45 positive cells (Supplementary Fig. S16C). These data indicate that 

independent of genetic background and melanoma cell line used EVs mediate the role of 

IGF2BP1 in altering the lung microenvironment, which could influence melanoma 

metastasis.
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RNA Sequencing

To examine the effects of IGF2BP1suppression on the cargo of EVs, we performed a total 

gene expression profiling of the EVs. Heatmap (Fig. 6A) and Volcano plot (Supplementary 

Fig. S17A) representations show relative expression patterns of upregulated and 

downregulated genes. A list of all significantly altered genes is provided in Supplementary 

Table S1 (as a separate excel file). Analyses of the differentially expressed genes using the 

Ingenuity software generated a number of pathways that were either activated or inhibited 

after knocking down IGF2BP1 (Supplementary Fig. S17B), which potentially contributed to 

the abrogation of pro-metastatic functions of the control EVs. Strikingly, comparing the 

cellular RNA with the EV-RNA showed little or no overlap (Fig. 6B), revealing that the 

abundance of a specific gene in the EVs did not directly correlate with its abundance in the 

parent cells. In our attempt to investigate whether specific motifs in genes might have 

influenced the differential loading of the genes into the EVs, we utilized the iRegulon 

software to generate motifs enriched in genes that were either upregulated or downregulated 

after IGF2BP1 knockdown. The top-scored motifs are illustrated in Supplementary Tables. 

S2 and S3. In both tables, the areas under the cumulative recovery curve (AUCs) are 

reported on the second column, the normalized enrichment scores (NES) are presented on 

column 3, and genes with enriched motifs are listed on column 4. The fourteen top motifs 

(including 7 for upregulated genes and 7 for downregulated genes) were discovered with 

NES >4. The larger the NES and AUC scores, the more significant the motif enrichment is 

compared to the motifs in background genes. Additionally, since EVs are known to carry 

microRNA, a complete microRNA profiling was also done (list provided in Supplementary 

Table S4 as a separate excel file). Fig. 6C depicts a volcano plot for the microRNAs that 

were upregulated or downregulated after suppressing IGF2BP1.

We further confirmed the uptake of EVs and transfer of RNA to recipient cells utilizing click 

chemistry. We analyzed whether 5-ethynyl Uridine (EU)-labeled RNA from control and 

IGF2BP1 knockdown SW1 cells could be transferred by EVs to recipient NIH3T3 cells. 

Real-time PCR analysis of the EU-labeled RNA from recipient NIH3T3 cells demonstrated 

the uptake of EV-RNA. From the sequencing results, two genes-ATF2 and EiF4a2 (primer 

sequences are provided in Supplementary Table S5), were probed based on their abundance 

and possible relevance to our study. Fig. 6D depicts relative quantity of each gene in the EU-

labeled cDNA pool isolated from recipient NIH3T3 cells. These expressions correlate with 

their expressions in the EVs (plotted in Fig. 6E) as observed in the sequencing studies.

Mass spectrometry analysis

Quantitative protein profiling of the EVs generated a number of proteins that were 

significantly altered after inhibiting IGF2BP1 (list of all proteins provided in Supplementary 

Table S6 as a separate excel file). 29 proteins were upregulated and 44 proteins were 

downregulated by more than 2-fold in the EVs from IGF2BP1 knockdown cells compared to 

control. Analysis of the proteomics results using the Ingenuity software generated canonical 

pathways that were possibly activated or repressed (Supplementary Fig. S17C) due to 

inhibition of IGF2BP1.
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Discussion

Previous research has demonstrated that knocking down IGF2BP1 in melanoma cells in 
vitro inhibits cell proliferation, induces apoptosis (11), and sensitizes the cells to 

chemotherapeutic or inhibitory agents (12, 24). However, to our knowledge, the role of 

IGF2BP1 in melanoma metastasis has been hitherto unexplored. While there are reports 

implicating IGF2BP1 in the metastasis of glioblastoma (25) and cervical cancer (26), its role 

in the interplay between tumor cells and the tumor microenvironment leading to melanoma 

metastasis is a complex process that needs a detailed investigation.

Herein we present for the first time the effects of IGF2BP1 on EVs secreted by melanoma 

cells, which in turn impacts metastatic events in vivo. In this pursuit, we utilized two 

different mouse models to test our hypothesis that suppressing IGF2BP1 might have a 

negative impact on primary melanoma tumor formation. Interestingly, contrary to our 

hypothesis, primary tumors developed similarly in both the control and IGF2BP1 suppressed 

groups. However, both genetic deletion and shRNA-mediated inducible knockdown of 

IGF2BP1 drastically inhibited melanoma metastasis.

Since cancer cells have been typically known to communicate via direct cellular contact and 

the secretion of certain soluble factors such as cytokines, we pursued some avenues whereby 

IGF2BP1 might have affected the pro-metastatic intrinsic properties or the cytokine/

chemokine secretion profiles of the cells in vitro. However, we insinuated from our 

experiments that there is no difference between the control and IGF2BP1 knockdown 

groups. Therefore, we considered the possibility that IGF2BP1 might regulate other 

extracellular secretory factors interacting with the tumor microenvironment to affect 

metastasis. This led us to explore the emerging field of tumor-secreted extracellular vesicles, 

which has transpired as a key contributor to cancer metastasis.

We characterized and performed our in vivo metastasis and niche formation experiments 

with EVs purified using the standard differential ultracentrifugation as well as a previously 

established sucrose cushion-based ultracentrifugation method. Both methods yielded similar 

and reproducible results in our in vivo experiments, with the latter incorporating a sucrose 

cushion for purification of EVs to reduce contaminating non-vesicular components. 

However, there is a possibility that contaminating non-vesicular components were still 

present with the EVs, which could have contributed toward the in vivo phenotype described 

herein.

Consistent with the earlier reports (14), we observed that the EVs from control melanoma 

cells contributed significantly to primary tumor growth, possibly because the EVs 

contributed to the recruitment of bone marrow-derived cells to the primary tumor. 

Intriguingly, EVs from IGF2BP1 knockdown cells inhibited the primary tumor development. 

The EVs had a similar, yet dramatically more pronounced effect on lung metastasis. Mice 

injected with EVs from control melanoma cells had dramatically increased lung metastasis, 

whereas EVs from the IGF2BP1 knockdown melanoma cells drastically reduced the 

metastatic lung lesions. EVs from the IGF2BP1 knockdown melanoma cells drastically 

reduced the metastatic lung lesions. This study is the first to reveal that IGF2BP1 affects 
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EVs in some manner to influence melanoma metastasis. Delving into the possible reasons 

behind this effect revealed no differences in the size, number, or protein/RNA concentration 

of the EVs secreted by control and IGF2BP1 knockdown SW1 cells.

Since organotropic homing of exosomes has been associated with metastasis (27), we 

exploited fluorescently labeled EVs to assess their in vivo biodistribution profile. However, 

suppressing IGF2BP1 did not affect the tropism of the EVs, which could be because the 

repertoire of surface integrins, which has been shown to regulate tropism (27), was not 

modulated by IGF2BP1. Although the bone marrow and spleen did not differentially uptake 

the EVs derived from the control and IGF2BP1 downregulated SW1 cells, they were of 

particular importance. This is because exosomes have been shown to interact with bone 

marrow-derived cells to contribute to pre-metastatic niche formation (14, 19, 20). Studies in 

different tumor models have shown augmented fibronectin deposition in pre-metastatic 

niches, which in turn recruits bone marrow-derived macrophages and neutrophils (20, 28–

30). Consistent with this paradigm, we showed that EVs from control SW1 cells elicited 

fibronectin deposition and elevated the number of CD45+ cells in lungs. In striking contrast, 

the mice treated with EVs derived from IGF2BP1 downregulated cells displayed much less 

fibronectin deposition and fewer CD45+ cells in the lungs, which was found to be on par 

with the mice that received no EVs at all. Our observations demonstrate that EVs orchestrate 

the critical role of IGF2BP1 in modifying distant microenvironments, thereby explaining 

why downregulating IGF2BP1 had abrogated melanoma metastasis in our earlier 

experiments.

While multiple reports have correlated the differential cellular expression of certain genes or 

proteins with a difference in size, production or RNA/protein content of exosomes (31, 32), 

in our study, we found that IGF2BP1 has no such effect on the secreted EVs. Nor did we 

find a difference in organotropism of EVs after suppression of IGF2BP1. However, a 

comprehensive RNA and protein analysis of the EVs revealed an extensive differential 

loading of many mRNA, snRNA, miRNA, and protein molecules in the EVs between the 

control and IGF2BP1 knockdown groups. This provided us with interesting insights into the 

pathways that might be impacted by knocking down IGF2BP1. The fact that loading of 

genes in the EVs did not correlate with their abundance in the SW1 cells indicated that this 

could be a well-regulated process in which IGF2BP1 might play a direct or indirect role. 

The enrichment of certain motifs in the genes differentially expressed after suppression of 

IGF2BP1 could be a plausible explanation for the differential loading. However, further 

studies are necessary for better comprehension of this mechanism. On the basis of these 

data, we propose that the dramatic abrogation of melanoma metastasis by suppression of 

IGF2BP1 was due to its pronounced effect on the cargo of the EVs. Further investigations 

into the pathways could provide a detailed understanding of the effect of IGF2BP1 on the 

content of EVs. Furthermore, we confirmed the transfer of several RNA molecules from 

parent cells via EVs to recipient cells by utilizing the unique click chemistry. This chemistry 

may be further exploited for a thorough investigation of EV-mediated transfer of genes in 
vivo.

To the best of our knowledge, our study is the first to report that the RNA-binding protein 

IGF2BP1 plays a critical role in melanoma metastasis. It is also the first to demonstrate the 
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role of an RNA-binding protein in EV-mediated promotion of metastasis. Collectively, our 

results identify that extracellular vesicles within 150 nm of diameter mediate the effects of 

suppression of IGF2BP1 in vivo. Suppression of this protein modulates the cargo of the 

EVs, suppressing pre-metastatic niche formation and inhibiting melanoma metastasis. Since 

patient survival in most cancers is directly dependent on tumor metastasis, targeting 

IGF2BP1 could potentially open up novel avenues for the development of inhibitors of 

melanoma metastasis.

Materials and Methods

Cell culture

Mouse melanoma cell lines SW1 and PVMM were obtained as generous gifts from Dr. 

Ze’ev Ronai of Sanford Burnham Prebys Medical Discovery Institute and Dr. Serge Y. 

Fuchs of University of Pennsylvania, respectively. Cells were maintained as monolayers in 

Dulbecco’s Modified Eagle’s Medium (VWR International), supplemented with 10% v/v 

fetal bovine serum (FBS, Gibco by Life Technologies), 100 IU of Penicillin G and 100 

μg/ml Streptomycin (Corning). The cell lines were tested for mycoplasma contamination 

with MycoAlert Plus Mycoplasma detection kit (Lonza).

Generation of IGF2BP1 knockdown melanoma cell lines

IGF2BP1 was knocked down using either of two different lentiviral, inducible shRNA 

constructs-pInducer24 and M1 in SW1 mouse melanoma cell line. pInducer24 has a 

previously published mouse IGF2BP1-specific shRNA (6) in a pInducer11 vector backbone 

(33). M1 (purchased from Genecopoeia) has the shRNA construct (target sequence: 

GATCCGCAATATTCCACCT) in a psi-LVRInU6TGP vector backbone. Alternatively, 

IGF2BP1 was knocked out with CRISPR-Cas9 technology using inducible Cas9 (GE 

Dharmacon) and constitutive gRNA (Genecopoeia; target sequence: 

GAGTGTGACCCCCGCAGACT). 10 μg of the expression vector (pInducer24 or M1), 10 

μg of packaging vector pPAX, 7.5 μg of envelop plasmid pMD.G were used to produce viral 

particles in 293T cells as previously described. SW1 or PVMM cells were transduced in the 

presence of 8 μg hexadimethrine bromide (polybrene; Sigma), followed by a single cell 

sorting and selection of clones with efficient IGF2BP1 knockdown. In vitro, expression of 

inducible plasmids (either IGF2BP1 shRNA or Cas9) was induced by 1–2ug/ml of 

doxycycline for 4–8 days.

Western blotting

Western blotting was done with previously established protocol, with a few modifications 

(34, 35). Cells were lysed using RIPA buffer (Sigma-Aldrich) combined with Halt™ 

Phosphatase Inhibitor Cocktail (Thermo Scientific). Lysates were then vortexed and cleared 

by spinning at 15,000g for 10 min at 4°C. Protein concentration was determined using DC 

Protein Assay (Bio-Rad), and lysates were separated by electrophoresis on a 10% sodium 

dodecyl sulfate (SDS) polyacrylamide gel. Proteins were then transferred onto a 

nitrocellulose membrane at 100 V for 1 h, then blocked with Tris-buffered saline/0.1% 

Tween 20 (TBST) containing 5% non-fat dry milk for 1 h. The membranes were probed 

overnight at 4°C with primary antibody, washed and subsequently incubated with secondary 
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antibodies for 1 hour at room temperature. Anti-IGF2BP1 and anti β-actin primary 

antibodies were obtained from Cell Signaling Technology (CST; catalogue number D33A2 

and 13E5, respectively) and used at a dilution of 1:1000. Horseradish peroxidase (HRP)-

conjugated secondary antibody, procured from CST, was used at a dilution of 1:2000 (anti-

rabbit secondary IgG #7074).

Reverse transcription and (quantitative) real-time Polymerase Chain Reaction (PCR)

Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen) according to 

manufacturer’s instructions. cDNA was generated using iScript™ cDNA Synthesis Kit (Bio-

Rad), following the manufacturer’s protocol. cDNA was amplified by real-time PCR using 

iTaqTM Universal SYBR® Green Supermix (Bio-Rad) on a Bio-Rad CFX96 Touch™ Real-

Time PCR Detection System. The analysis was performed on each sample in triplicate. 

Relative transcript levels were calculated using the comparative Ct method and normalized 

to the previously characterized housekeeping genes RPS18. Primer sequences are described 

in Supplementary Table S4.

Genetically engineered in vivo metastasis model

Animal procedures were conducted in accordance with conditions approved by Institutional 

Animal Care and Use Committee (IACUC), Pennsylvania State University College of 

Medicine. BRafCA, Tyr::CreER, Ptenlox4−5 and BRafCA, Tyr::CreER, Ptenlox4−5, 

IGF2BP1loxP-loxP mice were genotyped as previously described (36). Cre-mediated 

conversion of BRafCA to BRafVE, deletion of exons 4 and 5 of Pten, and knockout of 

IGF2BP1 were assessed by PCR as previously reported. For localized melanoma induction 

on the back skin, six to eight week-old mice (both male and female) were treated topically 

with 2 μl of 1.9 mg/ml (5mM) 4-hydroxytamoxifen (4-HT). 25–50 mg/ml (65–130 mM) 4-

HT solution was prepared by dissolving 4-HT (70% Z-isomer, Sigma) in DMSO. 

Generalized induction in adult mice was performed by intra-peritoneal injection of 1 mg of 

tamoxifen/40 g mouse for three consecutive days. In this case, tamoxifen was prepared as a 

10 mg/ml suspension in peanut oil. Body weight and tumor size were measured twice a 

week, and tumor volume was calculated based on the following formula: volume = length 

(mm) x [width2 (mm2)/2]. It should be mentioned here that the survival graphs plotted do 

not depict the true survival of all the mice in each group, as we had to euthanize the mice 

that had reached the maximum permissible tumor size and consider the day of euthanization 

as the end point.

Syngeneic tumorigenic and metastasis model

Six to eight week-old male and female C3H/HeJ mice from The Jackson Laboratory were 

used for subcutaneous injection of SW1 cells transduced with shRNA against IGF2BP1. The 

C3H/HeJ mice were injected with SW1 cells engineered to have doxycycline-inducible 

expression of IGF2BP1-specific shRNA (shIGF2BP1). Two different shRNA constructs-

pInducer24 and M1, were used separately in our in vivo experiments. 1 × 106 cells were 

suspended in phosphate-buffered saline (PBS) and injected into the right flank of mice. Five 

days after injection, knockdown was induced in vivo by treating mice with doxycycline 

pellet. This treatment was maintained throughout the length of the experiment. Body weight 
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and tumor size were measured three times a week, and tumor volume was calculated based 

on the following formula: volume = length (mm) × [width2 (mm2)/2].

Migration and invasion assays

Cell migration assays were performed using Radius™ 24-Well Cell Migration assay Kit 

(Cell Biolabs, Inc.) as per manufacturer’s protocol. Briefly, SW1 cells were treated for 48 

hours with doxycycline to induce IGF2BP1 knockout and seeded on pre-treated Radius™ 

24-well cell migration plate (Cell Biolabs, Inc) at 1.0 × 105/well for 12 h. When cells 

reached 85% confluency, plates were treated with Radius™ gel removal solution to expose 

the cell-free areas to cell migration. Cells were allowed to migrate for 24 hours and 

compared with SW1 cells that were not treated with doxycycline. Invasion assays were 

performed using BD BioCoat Matrigel Invasion Chamber (BD Biosciences). SW1 cells, 

with or without doxycycline treatment, were prepared in triplicate at 5×104 cells/insert in 

serum-free DMEM media containing all supplements. A 10% v/v fetal bovine serum (FBS; 

Gibco) media was used as a chemoattractant. Plates were incubated for 24 hours at 37 °C in 

5% CO2, after which the invading cells were fixed, stained and mounted onto microscope 

slides.

Intravenous injection of cancer cells in mice

C3H mice (n=>12) were IV injected with 1×106 SW1 cells. Lungs were analyzed for 

metastasis 35 days after injection. The experiment was repeated at least three times. 

Approximately equal number of male and female mice were assigned randomly to each 

group for all in vivo experiments reported in this study. No blinding was done for any of the 

mice experiments.

RNA sequencing analysis

Three biological replicates of control and IGF2BP1 knockdown cells were harvested and 

RNA was isolated using Rneasy Mini Kit (Qiagen) before being subjected to mRNA 

sequencing.

Cytokine profiling

Culture media from control and IGF2BP1 knockdown SW1 cells were collected and sent to 

UPCI Cancer Biomarkers Facility: Luminex Core Laboratory (Pittsburg, PA) for profiling a 

panel of 32 cytokines.

Purification of EVs from IGF2BP1-depleted and overexpressed cell lines and their 
characterization

EVs were isolated from five different derivatives of the SW1 mouse melanoma cell line for 

inducible shRNA-mediated knockdown (as before) as well as overexpression of IGF2BP1. 

Overexpression of IGF2BP1 was achieved by transducing SW1 cells with GFP-tagged 

IGF2BP1WT plasmid. Separately, SW1 cells were transduced with GFP-tagged 

IGF2BP1dKH plasmid, which has a deleted RNA binding KH domain (37). GFP plasmid 

was used as a control. EVs were also isolated from control and IGF2BP1 knockout PVMM 

cells.
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All cell lines were plated in complete media with 10% FBS and cultured for 24 h. 

Thereafter, the media were replaced by DMEM without FBS and maintained for 48 h, at the 

end of which EVs were collected from the culture media. Induction of IGF2BP1 knockdown 

was done in SW1 cells with doxycycline in serum-free media for the 48 hour-time period 

prior to collection of culture media. Culture media were subjected to centrifugation at 2000g 

for 30 min to eliminate dead cells, followed by ultracentrifugation at 20,000g for 30 min to 

eliminate cell debris. The supernatants from this step were spun at 100,000g for 2 hours in 

the ultracentrifuge. The pellets from this step were washed with PBS in another round of 

ultracentrifugation at 100,000g for 2 hours. The pellets were then resuspended in 1 ml of 

PBS for every 60 ml of starting culture media. Alternatively, a sucrose cushion method was 

used to obtain EVs of greater purity, where 30% sucrose was used to pellet out purified EVs 

(38). The EVs were characterized using NTA, TEM and Western blots for the analysis for 

specific exosomal markers, viz., CD81 (Santa Cruz Biotechnology #sc-166029), HSP70 

(Cell Signaling Technology #4872), Alix (Cell Signaling Technology #2171) and TSG101 

(as well as golgi marker GM130 (Novus Biologicals # NBP2–53420). Starting cellular 

lysates were also analyzed for the same to demonstrate an enrichment of the exosomal 

markers in the EVs in comparison to cell lysates. Concentration of the EVs was measured 

using Nanodrop (Thermo Scientific).

Injection of C3H/HeJ mice with EVs

EVs isolated using both methods of purification were administered via tail-vein injections in 

separate experiments at a concentration of 10 μg (by protein) in 100 μl of PBS per mouse, 

followed by subcutaneous injection of SW1 cells (0.7×106 cells per mouse) into the flank of 

each mouse. Over the next 21 days, the same concentration of EVs was injected into the 

mice on alternate days. EVs from the five different transduced cell lines mentioned above 

were injected into the mice. The control group received 100 μl of PBS without EVs. Primary 

tumor and body weight measurements were done every alternate day, for 35 days. At the end 

of the 35-day time period, the mice were sacrificed, and their lungs were harvested for 

analysis of tumor metastasis to the lungs. Metastatic lung lesions were counted, before the 

lungs were sectioned for staining with hematoxylin and eosin to facilitate microscopic 

analysis. 13 mice were kept in each of the control and knockdown groups, and six mice were 

kept in each of the groups for the IGF2BP1 overexpression experiment. The experiment was 

repeated three times with n=>8 each time.

In vitro uptake of fluorescent DiD-labeled EVs

NIH3T3 cells were plated in a 96-well plate at a density of 5000 cells/well in triplicate. The 

experiment was repeated three times. After allowing the cells to attach for 8 hours, the media 

were replaced with serum-free media containing EVs at various concentrations, after 

washing the cells with PBS. EVs from control and IGF2BP1 knockdown SW1 cells were 

labeled with fluorescent dye DiD by incubating the EVs with DiD at a concentration of 5 

μg/ml in PBS for 15 min at room temperature. Thereafter, the EVs were washed with PBS 

by centrifuging at 100,000g for 2 hours and used for treatment of the NIH3T3 cells. After 24 

hours of treatment with EVs, the EV-containing media were discarded and the cells were 

washed three times with PBS. Thereafter, the fluorescence intensity of the cells was 

recorded in a multi-mode microplate reader (CLARIOstar) at an excitation wavelength of 
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640 nm and an emission wavelength of 670 nm. NIH3T3 cells were also imaged in a STED 

confocal microscopy (Leica) to visualize the uptake of the DiD-labeled EVs. The same 

treatment conditions were followed as above.

In vivo biodistribution of EVs

20 μg of DiD-labeled EVs were injected via tail-vein into each C3H/HeJ mouse. 24 hours 

after the injection, the mice were euthanized and the organs were harvested. The organs 

were imaged with an IVIS Lumina Series III Imaging System (PerkinElmer) to detect the 

fluorescence of DiD-labeled EVs uptaken by the organs. The imaging for PBS, control and 

IGF2BP1 groups were repeated twice with n=>3 mice per group. The spleen and bone 

marrow cells were isolated from each mouse and single cell suspensions were prepared. 

Each sample was then run in a flow cytometer and cells with the DiD-labeled EVs were 

detected in the APC channel with red laser excitation. 100 nm liposomes (Encapsula 

NanoSciences LLC) were also labeled with DiD and injected into the mice as control. 

Furthermore, EVs from parent SW1 cells (without the shIGF2BP1) were used as controls for 

this experiment, with or without doxycycline treatment.

Fluorescent detection in immunohistochemistry of lung tissue

To detect the contribution of EVs toward the formation of metastatic niche in vivo, lung 

tissues were probed for the differential expression of fibronectin and CD45 in the C3H/HeJ 

or C57BL/6J (The Jackson Laboratory) mice receiving either PBS or EVs isolated from 

control or IGF2BP1-depleted SW1 or PVMM (syngeneic to C57BL/6J mice) cells, 

respectively. EVs were isolated from SW1 cells with either method of purification 

mentioned above. The mice were treated with 20 μg of EVs per mouse via tail-vein injection 

every alternate day for a period of 21 days. The mice were sacrificed one week after the last 

EV injection and their lungs were harvested. The 4% paraformaldehyde-fixed lung tissues 

were paraffin-embedded and sectioned, after which fluorescence immunohistochemistry was 

performed. In brief, the sections were deparaffinized, and antigen retrieval was done with 10 

mM citrate buffer (pH 6). Following blocking, the lung tissue sections were incubated 

overnight with primary antibodies against fibronectin (Abcam #ab2413) or CD45 (Novus 

Biologicals #AF114). Fluorescently labeled secondary antibodies (Jackson Laboratories) 

were used in conjunction with nuclear dye DAPI to visualize the distribution of fibronectin 

and CD45 in the lung tissues. The in vivo experiment was repeated twice.

RNA Sequencing and analysis

EVs were isolated from control and IGF2BP1 knockdown SW1 cells. RNA were isolated 

from the EVs (in three biological replicates) using TRIzol Reagent (Life technologies), 

followed by the Direct-Zol™ RNA Miniprep Plus (Zymo Research) kit, according to the 

manufacturer’s instructions. The RNA samples were then subjected to total as well as micro 

RNA sequencing in triplicates. Ingenuity software (Qiagen) was used to analyze the RNA 

sequencing results and generate possible pathways/genes affected by knocking down 

IGF2BP1. We detected motifs enriched in the upregulated as well as the downregulated 

genes identified from the RNA-seq of EVs, utilizing the iRegulon software (http://

iregulon.aertslab.org/) in Cytoscape (http://www.cytoscape.org/).
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Transfer of RNA to recipient cells via EVs

To detect the transfer of EVs from parent cells to recipient cells in vitro, the Click-iT 

Nascent RNA Capture kit (Life technologies), which is based on labeling of nascent RNA 

with the uridine analog 5-EU, was exploited (39). Control and IGF2BP1 knockdown SW1 

cells were treated with 0.2 mM 5-EU for 24 h, after which EVs were isolated from the cell 

culture media as before. These EVs from control and knockdown SW1 cells were then 

added separately on to recipient NIH3T3 cells. After 24 hours of treatment with EVs, the 

cells were harvested and total RNA was isolated with Rneasy Mini kit (Qiagen). 

Subsequently, from this total RNA prep, 5-EU labeled RNA were pulled down using the 

Click-iT Nascent RNA Capture kit, following manufacturer’s protocol. In brief, 5 μg of 

RNA was biotinylated and precipitated utilizing the Click chemistry. These steps were 

followed by binding of 1 μg of the biotinylated RNA to Dynabead MyOne Streptavidin T1 

magnetic beads (Thermo Fisher Scientific) and subsequent wash steps to eliminate the 

possibility of non-specific binding. The EU-RNA bound to the beads were used as a 

template for cDNA synthesis. In the final step, the freshly synthesized cDNA was released 

from the beads and used for subsequent real-time PCR analyses using SYBR Green and 

gene-specific primers.

Mass spectrometry

EVs were isolated as above. Protein profiling and comparative analysis was done by MS 

Bioworks LLC (Ann Harbor, MI). After in-gel trypsin digestion, each sample was analyzed 

by nano LC-MS/MS using nanoACQUITY HPLC system (Waters Incorporated, Charlotte, 

NC) interfaced with a Q Exactive Quadrupole-Orbitrap (ThermoFisher Scientific). Data 

were searched using MASCOT database, which were then fed into the Scaffold software for 

analysis. Ingenuity software (Qiagen) was used for analysis of the mass spectrometry results 

and generate pathways/proteins possibly affected by knocking down IGF2BP1.

Statistical analysis

The experimental results are representative of replicates as mentioned in the methods 

section. Data are presented as mean ± standard error mean. Statistical analyses were carried 

out using GraphPad Prism software. Unpaired two-tailed Student’s t-tests and one-way 

Anova were performed to compare two groups and three groups, respectively. Statistically 

significant differences are indicated on the graphs by asterisk symbols (*P < 0.05; **P < 

0.01; ***P < 0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Metastasis study in two different mice models. A-B, Localized tamoxifen induction (4-HT 

5mM) in IGF2BP1 –WT (Tyr::CreERT2 PTENloxP/loxP Braf F-V6000/+) and IGF2BP1 

knockout (Tyr::CreERT2 PTENloxP/loxP Braf F-V6000/+ IGF2BP1loxP/loxP) mice. A, 
Percentage of mice with lymph node metastasis (p=0.0263), Student’s t-test. B, Percentage 

of mice with lung metastasis. IGF2BP1 WT mice had more lung metastasis compared to KO 

mice (p=0.0283), Student’s t-student. C-F, The role of IGF2BP1 was evaluated in vivo using 

a syngeneic metastasis model. The potential of lung metastasis of SW1 pInducer24 

melanoma cell lines-untreated (control) and treated with doxycycline (to induce shRNA 

mediated knockdown of IGF2BP1) was evaluated in C3H mice. C, Primary tumor volume of 

mice belonging to control (n=8) and knockdown (KD) groups (n=10). Inset: Western blot 

showing knockdown of IGF2BP1 in mouse tissues. D, Number of lung metastasis developed 

in each mouse from the control and knockdown groups (p=0.0293), t-test. E, Percentage of 

lung metastasis in control mice compared to IGF2BP1 knockdown group. F, Microscopic 

evaluation of lungs of control and IGF2BP1 knockdown mice stained with H&E. Scale bar 

is 500 μm.
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Figure 2. 
Analysis of EVs isolated from control and IGF2BP1 knockdown SW1 cells using sucrose 

cushion method. A, Nanoparticle tracking analysis (NTA). B, Transmission electron 

microscopy (TEM) imaging. C-D, Western blotting for starting cellular material and EVs to 

probe exosomal and golgi markers.
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Figure 3. 
A, Analysis of primary tumor volume in C3H/HeJ mice injected with EVs (isolated with the 

sucrose cushion method) from control and IGF2BP1 knockdown cells over 35 days at an 

interval of 48 h; control group received PBS instead of EV injections. B, Metastatic burden 

in each group calculated by determining the area of metastatic lesions in H&E stained cross-

sections of lungs using ImageJ software. C, Number of lung metastatic lesions in each 

group. D, Macroscopic imaging of lung metastasis in untreated mice and mice injected with 

either PBS or EVs from control or IGF2BP1 knockdown SW1 cells. E, Microscopic analysis 

of lung metastasis after H&E staining of sectioned lung tissues of mice injected with either 

PBS or EVs from control or IGF2BP1 knockdown SW1 cells.
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Figure 4. 
Uptake of fluorescent DiD-labeled EVs isolated from control and IGF2BP1 knockdown 

cells. A, Fixed untreated control NIH3T3 cells viewed under STED confocal microscope. B-
C, Fixed NIH3T3 cells viewed under STED confocal microscope to image uptake of DiD-

labeled EVs following EV treatment for 24 h. B, Cells treated with control EVs, larger sized 

EVs are distinctly visible and marked with arrows. C, Cells treated with EVs from IGF2BP1 

knockdown SW1 cells. D, Quantitative analyses of images acquired in STED microscope. E, 
Uptake of three different concentrations of EVs by recipient NIH3T3 cells. Fluorescence 

intensity of the cells was measured in a fluorescence spectrometer, after 24 hours of EV 

treatment. F, Graphical representation of flow cytometric analysis of bone marrow cells 

isolated from mice that received tail-vein injections of either PBS or DiD-PBS or DiD-

labeled EVs isolated from control or IGF2BP1 knockdown SW1 cells, 24 hours prior to 

euthanization. G, Graphical representation of flow cytometric analysis of splenic cells 

isolated from the same mice.
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Figure 5. 
Analysis of pre-metastatic niche formation in lungs. A, Expression of CD45 (top panel) with 

quantitative analysis in the bottom panel. B, Expression of fibronectin with quantitative 

analysis in the bottom panel. Expression of both CD45 and fibronectin increased markedly 

in the lungs of the mice treated with EVs (isolated with the sucrose cushion method) from 

control SW1 cells, as compared to the mice that did not receive EVs or the mice that 

received EVs from IGF2BP1 knockdown SW1 cells. Scale bar is 100 μm.
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Figure 6. 
A, Heatmap analysis sequencing results of RNA from EVs. B, Venn diagrams depicting 

overlap of RNA sequenced from SW1 cells as well as EVs from SW1 cells, either control or 

IGF2BP1 knockdown. Top: upregulated genes, Bottom: downregulated genes. C, Volcano 

plot showing microRNA sequencing analysis from EVs. D, Real-time PCR analysis to probe 

expressions of ATF2 and EiF4A2 genes in EU-labeled RNA from NIH3T3 cells treated with 

EVs derived from EU-labeled control and IGF2BP1 knockdown SW1 cells. E, Graphical 

representation of the relative fold change of the same genes in the EVs as seen in the 

sequencing analysis of EVs.
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