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Abstract

Background: Malignant melanoma has a propensity for development of hepatic and pulmonary 

metastases. MicroRNAs (miRs) are small, non-coding RNA molecules containing about 22 

nucleotides that mediate protein expression and can contribute to cancer progression. We aim to 

identify clinically useful differences in miR expression in metastatic melanoma tissue.

Methods: RNA was extracted from formalin fixed, paraffin embedded samples of hepatic and 

pulmonary metastatic melanoma, benign nevi, and primary cutaneous melanoma. Assessment of 

miR expression was performed on purified RNA using the NanoString nCounter miRNA assay. 

miRs with >2 fold change in expression when compared to other tumor sites (p-value ≤0.05, 

modified t-test) were identified as dysregulated. Common gene targets were then identified among 

dysregulated miRs unique to each metastatic site.
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Results: Melanoma metastatic to the liver had differential expression of 26 miRs compared to 

benign nevi and 16 miRs compared to primary melanoma (P<0.048). Melanoma metastatic to lung 

had differential expression of 19 miRs compared to benign nevi and 10 miRs compared to primary 

melanoma (P<0.024). Compared to lung metastases, liver metastases had greater than 2-fold up-

regulation of 4 miRs, and 4.2-fold down-regulation of miR-200c-3p (P<0.0081).

Conclusions: These findings indicate that sites of metastatic melanoma have unique miR 

profiles that may contribute to their development and localization. Further investigation of the 

utility of these miRs as diagnostic and prognostic biomarkers and their impact on development of 

metastatic melanoma is warranted.
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Background

Melanoma remains the deadliest form of skin cancer and was responsible for an estimated 

9,320 deaths in the United States in 2018.[1] Approximately 5% of patients will present with 

distant metastasis, for which 5-year survival is below 15%. Of those melanoma patients 

diagnosed with a high-risk primary tumor at the time of surgery, 13% will ultimately 

develop recurrent disease.[2] Furthermore, over 10% of patients with a negative sentinel 

lymph node biopsy at the time of surgery will also experience recurrence, with nearly 40% 

of recurrent tumors arising at distant sites.[3] Distant metastasis is reported most commonly 

to the lungs (64%), extra-regional lymph nodes (46%), brain (45%), and liver (41%).[4] 

Survival varies depending on the site of metastasis. This variability has led to further 

classification of M1 disease in AJCC melanoma TNM staging into four distinct categories: 

M1a (skin, subcutaneous tissue, or distant lymph nodes), M1b (lung), M1c (other visceral 

organs), and M1d (CNS)).[5] Resection of recurrent distant metastasis (with or without 

systematic therapy) results in a median survival >60 months for M1a, while M1b and M1c 

have poorer outcomes with survival at 17.9 and 15.0 months following resection, 

respectively.[6]

microRNAs (miRs) are small 19–22 nucleotide long, non-coding RNA molecules that 

inhibit protein translation through binding to mRNA targets.[7] miR dysregulation has been 

discovered in several neoplastic settings and can promote tumorigenesis through its 

inhibitory effect on target genes and their downstream pathways leading to: unlimited cell 

replication, avoidance of anti-proliferation signals, evasion of apoptosis, genomic instability, 

induction of angiogenesis, tissue invasion, metastasis and evasion of the immune system.[8] 

Thus, dysregulated miR expression provides a potential target for diagnostic and therapeutic 

exploitation.[7,9,10] Over 2654 different mature miRs that have been identified in humans, 

with patterns of expression that may differ across different cancer types and according to the 

stage of disease.[8,11]

The potential for alteration of the miR profile in tissue from distant metastatic melanoma 

sites remains incompletely understood. To our knowledge, no other group has investigated 

how the miR transcriptome may vary at different sites of melanoma metastasis, or how this 
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compares to primary cutaneous melanoma. Herein, we hypothesize that pulmonary and 

hepatic distant metastatic melanoma lesions have distinct miR profiles, and differ from 

primary tumor controls. The results of this work may further the understanding of miR 

dysregulation at different sites of metastasis and potentially identify novel diagnostic and 

therapeutic targets. Furthermore, site-specific alterations in miR expression may be 

informative of tumor behavior and predilection to specific metastatic sites.

Methods

Patient Samples

Patients with melanoma metastases to either the lung or liver that had undergone 

metastasectomy at the Ohio State University Wexner Medical Center were selected at 

random. Formalin fixed, paraffin embedded biopsy tissue from sites of metastatic melanoma 

in the liver or lung were collected under the auspices of an Institutional Review Board (IRB) 

approved protocol (No. 2007C0015) from cases encountered between 2009 and 2014. 

Samples consisted of 6 benign nevi, 6 primary cutaneous non-metastatic melanoma, 6 

pulmonary metastatic melanoma sites, and 6 hepatic metastatic melanoma sites, all 

originating from unique patients.

RNA Isolation

Samples from each biopsy were shaved at 10 μm from each paraffin block for use in RNA 

isolation. Total RNA was harvested from sections of paraffin-embedded tumors using the 

RecoverAll Total Nucleic Acid Isolation Kit® (Ambion, Inc., Foster City, CA, USA) 

according to the manufacturer’s directions. Resultant RNA was assessed for quality and 

concentration using a Nanodrop spectrophotometer (ThermoFisher Scientific, Waltham, 

MA, results shown in Supplemental Table 1).

NanoString

Isolated and purified RNA (100 ng) was loaded onto a NanoString nCounter (NanoString 

Technologies, Seattle, WA) platform and miR expression quantification was carried out as 

previously described [12]. Normalization of melting temperatures and miR identification 

was facilitated by ligation of individual miRs within the sample to DNA tags. Excess tags 

were washed away. The tagged microRNA products were hybridized to capture reporter 

probes at 64°C for 18 hours. Notably, the reporter probes contain unique fluorescent signals, 

thereby permitting downstream identification of individual miRs. Hybridized probes were 

immobilized onto a streptavidin coated cartridge via nCounter Prep Station (NanoString 

Technologies, Seattle, WA) and the florescence of each hybridized miR was analyzed by an 

nCounter Digital analyzer (NanoString Technologies, Seattle, WA). A high-density scan 

containing 600 fields of view was performed. The investigation included 5 positive, 5 

negative, and 5 housekeeping genes.

Statistical Analysis

The raw NanoString data was first technically normalized using nSolver Analysis software 

(NanoString Technologies, Seattle, WA). In order to limit the potential batch effect 

associated with inter-chip variability, the expression of positive controls was used to adjust 
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the dataset generated from the second cartridge to the first. Normalized data was then 

filtered using the negative controls. The cutoff value was defined as the maximum 

normalized expression count among the negative controls (72 for this data set). Individual 

miRs were removed from further analysis if 90% of the samples had expression levels lower 

than this cutoff value, resulting in reduction of the number of miRs for assessment from 800 

to 249. Fold change was then calculated between all experimental groups to determine 

which miRs were relatively increased or decreased in each comparison of tumor source 

(benign nevi vs. primary melanoma, benign nevi vs. hepatic melanoma, benign nevi vs. 

pulmonary melanoma, primary melanoma vs. hepatic melanoma, primary melanoma vs. 

pulmonary melanoma, and hepatic vs. pulmonary melanoma). A t-test was then performed 

with an alpha value of 0.05 to determine statistical significance of each miR in the 

comparisons. In order to account for multiple comparisons and control for false positives, a 

Benjamini-Hochberg correction procedure was performed.[13] miRs of potential 

significance were selected for downstream analysis using the following criteria: 1) a 2-fold 

increase or decrease in the comparison and 2) a p-value less than or equal to 0.05.

Gene Target Analysis

For each experimental comparison, the miRs that fit this criteria were run through a network 

enrichment analysis using the miRNet software tool to identify miR gene targets.[14] Gene 

targets of greatest potential biologic significance were identified as those with a minimum 

degree of three (i.e., interact with a minimum of three dysregulated miRs identified in the 

comparison of two tissue groups). Thus, there may be altered protein expression of these 

gene targets based on the composition of associated miRs with significant dysregulated 

expression in the examined tissue site of metastatic melanoma.

Results

In our analysis of miR expression in primary and metastatic melanocytic lesions isolated 

from unique patients, a comparison of benign nevi to primary cutaneous non-metastatic 

melanoma revealed no miRs with up or down-regulation of significance. Of note, no miRs 

were identified as having at least a 2-fold increased expression in primary cutaneous 

melanoma relative to benign nevi. This was not an unexpected finding given the approach 

being taken was an exploratory one. These benign nevi and primary cutaneous non-

metastatic melanoma samples used as comparators were from unrelated patients. The miR 

profile of pulmonary metastatic melanomas was then assessed relative to benign nevi and 

primary cutaneous melanoma. These comparisons revealed differential expression of 19 

miRs in pulmonary sites of melanoma metastasis compared to benign nevi (P<0.016, Fig. 

1A), and 10 miRs when compared to primary cutaneous melanoma based on evaluation by t-

test with a Benjamini-Hochberg correction (P<0.025, Fig. 1B). Upregulation of four miRs 

was associated with pulmonary metastatic melanoma when compared to both benign nevi 

and primary cutaneous melanoma, including miR-4286, miR-30b-5p, miR-146a and 

miR-324–5p (in order of decreasing fold change in expression). Additionally, three miRs (in 

order of decreasing fold change in expression), namely miR-205–5p, miR-203a-3p and 

miR-1246, were downregulated in pulmonary sites of metastatic melanoma relative to both 

benign nevi and primary cutaneous melanoma.
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The miR profile of metastatic melanoma of the liver was then assessed relative to benign 

nevi and primary cutaneous melanoma. Hepatic metastases had differential expression of 26 

miRs relative to benign nevi (P<0.048, Fig. 2A) and 16 miRs relative to primary cutaneous 

melanoma based on evaluation by t-test with a Benjamini-Hochberg correction (P<0.035, 

Fig. 2B). Comparison of hepatic metastatic melanoma to both benign nevi and primary 

melanoma revealed upregulation of miR-122–5p, miR-194–5p, miR-4286, miR-885–5p, 

miR-30b-5p, miR-363–3p, and miR-192–5p (in order of decreasing fold change in 

expression) in hepatic sites of metastatic melanoma relative to both benign nevi and primary 

cutaneous melanoma. Of the miRs identified to have upregulated expression in hepatic sites 

of melanoma metastases, miR-4286 and miR-30b-5p were also upregulated in pulmonary 

sites of metastasis relative to benign nevi and primary cutaneous melanoma. In order of 

decreasing fold change in expression, downregulation of miR-200c-3p and miR-199b-5p 

was observed specifically in hepatic sites of metastasis relative to benign nevi and primary 

cutaneous melanoma. Additionally, the three miRs found to have significantly 

downregulated expression in pulmonary metastatic melanoma relative to benign nevi and 

primary cutaneous melanoma (miR-205–5p, miR-203a-3p and miR-1246) were also 

significantly downregulated in hepatic melanoma metastases relative to benign nevi and 

primary cutaneous melanoma. Thus, the consistent pattern of dysregulated expression of 

decreased miR-205–5p, miR-203a-3p, and miR-1246, and increased miR-4286 and 

miR-30b-5p suggests that alteration of expression of these miRs is common and specific to 

metastatic sites of melanoma.

Lastly, melanoma metastasis of the lung were compared to metastasis of the liver (Fig. 3). 

Melanoma tissue samples from the lung and from the liver were isolated from unique 

patients and thus no single patient is represented in both groups of metastatic lesions. Five 

miRs were differentially expressed in hepatic metastasis relative to pulmonary metastasis 

based on evaluation by t-test with a Benjamini-Hochberg correction (P<0.0081). There was 

4.2-fold downregulation of miR-200c-3p, and at least 2-fold upregulation of (in descending 

order of fold change in expression) miR-122–5p, miR-885–5p, miR-194–5p and miR-192–

5p in hepatic metastatic melanoma as compared to pulmonary metastatic melanoma tissue. 

All four of these miRs that were upregulated in hepatic sites of melanoma metastasis had 

increased expression specifically in this tissue site when compared to benign nevi, primary 

cutaneous melanoma and pulmonary sites of melanoma metastasis. These findings suggest 

that unique miR profiles are associated with melanoma metastases in specific tissue sites.

The biological impact of miR expression is a function of the gene products that the miRs are 

able to inhibit. Two multiple interaction models were generated in order to predict the 

potential effects on target genes associated with the miR profiles of each metastatic site. 

These models were used to prioritize which miRs and associated gene targets would be of 

most interest in hepatic or pulmonary sites of melanoma metastasis (Fig. 4). First, miRs 

shown to have consistently decreased expression in both hepatic and pulmonary sites of 

metastasis relative to primary cutaneous melanoma and benign nevi were examined. These 

criteria restricted the miRs for analysis to three, namely miR-205–5p, miR-203a-3p, and 

miR-1246. Generation of a multiple interaction model to highlight common gene targets 

among these miRs (shown in Fig. 4) revealed one common gene target among these three 

miRs, PLAGL2. A multiple interaction model was not generated for common miRs with 
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increased expression specific to both hepatic and pulmonary metastatic melanoma, as the 

number of miRs available for construction of the model was below the degree filter 

threshold applied of three miR interactions with each potential gene of interest.

In Figure 5, assessment of common gene targets was performing using only miRs with 

relatively increased expression in each metastatic site relative to the other in order to make 

comparisons between pulmonary and hepatic metastases. In this comparison, miRs with 

decreased relative expression in one site have relatively increased expression in the other. 

This model revealed three genes of interest, each targeted by at least three miRs with 

significantly increased expression in hepatic metastatic sites of melanoma relative to 

pulmonary sites, namely RAC1, DUSP18, and IGF1R. The targeting of these gene 

transcripts by multiple miRs could theoretically have a combinatorial effect and lead to a 

significant decrease in the expression of these genes. Since only one miR (miR-200c-3p) 

was found to be significantly upregulated in pulmonary sites of melanoma metastasis 

relative to hepatic sites, a network could not be generated for this metastatic site. Therefore, 

the gene targets of miR-200c-3p, identified using miRNet, were considered for their 

potential effect on the pulmonary metastatic tumor microenvironment. Recognition of a 

common gene target using a multiple interaction model provides compelling insight to how 

the combination of miRs with increased and decreased expression in each site of melanoma 

metastasis can contribute to disease progression.

Discussion

Using a NanoString approach to evaluate the miR expression in different sites of metastatic 

melanoma, we have discovered a unique miR profile for melanoma metastatic to different 

anatomic sites. In particular, metastatic melanoma to the liver has a unique miR profile when 

compared to metastatic melanoma to the lung, with 4.2-fold downregulation of 

miR-200c-3p, and upregulation of miR-192–5p (2.07-fold), miR-194–5p (4.04-fold), 

miR-885–5p (4.05-fold) and miR-122–5p (8.44 fold) associated with hepatic metastatic 

melanoma relative to pulmonary metastatic melanoma tissue (p<0.0081 for all down- and 

upregulated miRs).

The potential biologic effects associated with downregulation of miR-203a-3p, miR-205–5p, 

and miR-1246, as was detected in both hepatic and pulmonary sites of melanoma metastasis 

relative to primary cutaneous melanoma and benign nevi, are indicated in a gene target 

interaction network shown in Figure 4. Notably, all three miRs with significantly 

downregulated expression in sites of metastasis share pleiomorphic adenoma gene-like 2 

(PLAGL2) as a common gene target. Thus, PLAGL2 is expected to have increased 

expression in the setting of metastatic melanoma based on the decreased expression of 

multiple regulatory miRs that target this gene. PLAGL2 is a zinc finger protein known to 

contribute to epithelial-mesenchymal transition (EMT) through promotion of the stability of 

β-catenin.[15] PLAGL2 is also involved in regulation of actin cytoskeleton rearrangement 

and cellular migration.[16] Elevated expression of PLAGL2 has also been shown to correlate 

with high stage colorectal adenocarcinoma relative to benign and low stage or borderline 

malignancies.[17] Thus, loss of inhibition of PLAGL2 expression may promote development 

of metastatic melanoma given the reduced expression of miR-203a-3p, miR-205–5p, and 
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miR-1246 in these sites relative to primary tumor tissue. Furthermore, miR-203 has recently 

been identified as a miR with decreased expression in sites of metastatic melanoma that is 

correlated with decreased survival. In vitro and in vivo studies investigating the role of 

miR-203 have demonstrated restoration of miR-203 expression significantly reduces tumor 

growth, metastasis, tumor cell motility, and angiogenesis, among other functions. Thus, 

while downregulation of miR-203 may not be specific to a certain metastatic site, it remains 

of significant interest in melanoma for its clear role in mediating melanoma metastasis.[18]

The effect of dysregulated expression of the miRs detected specifically in hepatic metastatic 

melanoma relative to pulmonary sites is made apparent in the gene target interaction 

network shown in Figure 5. This network highlights the frequency of common specific miR 

gene targets among those miRs with significantly increased expression in hepatic metastases 

relative to pulmonary metastases. Based on this network analysis, the genes RAC1, 

DUSP18, and IGF1R are predicted to be downregulated in hepatic sites of metastasis, as 

these genes are each targeted by three or more upregulated miRs.

RAC1, a member of the RAS superfamily, is targeted by miR-122–5p, miR-885–5p, and 

miR-194–5p, all of which have significantly increased expression in hepatic melanoma 

metastases relative to pulmonary sites of metastasis. Therefore, decreased RAC1 expression 

would be predicted for hepatic melanoma metastases as compared to pulmonary sites. 

Downregulation of RAC1 expression by miR-122 has been associated with mesenchymal-

epithelial transition (MET) in the setting of hepatocellular carcinoma.[19] MET is 

hypothesized to be a late step in the establishment of metastatic colonies of tumor cells.[20] 

Therefore, inhibition of RAC1 protein expression in melanoma by miR-122–5p, miR-885–

5p, and miR-194–5p may contribute to metastatic colonization of melanoma tumor cells in 

the liver.

Dual-specificity phosphatase 18 (DUSP18), a mitochondrial-specific phosphatase that is 

widely expressed but relatively uncharacterized, is targeted by miR-194–5p, miR-122–5p, 

and miR-192–5p, all of which are elevated in hepatic sites of melanoma metastasis. 

Therefore, it is expected that expression of DUSP18 would be downregulated in hepatic sites 

of metastases relative to pulmonary metastases. DUSP18 is a member of the MAPK 

phosphatase (MKP) family of proteins, which function to regulate the activity of MAPK and 

JNK-ERK signaling.[21] Of the MKPs, DUSP18 has not yet been investigated for its role in 

cancer development, progression, or response to therapy, but is thought to play a role in the 

regulation of apoptosis upon release from the intermembrane space of mitochondria with 

cellular stress.[22] Therefore, further investigation of down-regulated DUSP18 in the setting 

of melanoma is required to determine the role of this MKP in melanoma metastasis.

Insulin-like growth factor 1 receptor (IGF1R) expression is targeted by miR-122–5p, 

miR-192–5p, miR-194–5p, and miR-885–5p, all of which are upregulated in hepatic sites of 

melanoma metastasis relative to benign nevi, primary cutaneous melanoma, and pulmonary 

melanoma metastases. Therefore, one might expect to see decreased expression of IGF1R in 

melanoma metastatic to the liver. IGF1R is a receptor tyrosine kinase involved in activation 

of MAPK and PI3K/Akt signaling that is associated with increased tumor growth and 

metastases when overexpressed, and is upregulated in BRAF inhibitor resistant melanoma.
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[23,24] Contrary to what may be expected in a metastatic site, the miRs overexpressed in 

hepatic metastases suggest a protective, anti-tumor effect via the ability of multiple 

upregulated miRs to inhibit IGF1R expression. Further analysis of IGF1R expression is 

needed to fully interpret the biologic effect of elevated miR-122–5p, miR-192–5p, miR-194–

5p, and miR-885–5p expression in hepatic metastatic melanoma, and how these microRNAs 

may affect response of hepatic melanoma metastases to current therapies.

While only miR-200c-3p was found to be significantly downregulated in hepatic sites of 

metastatic melanoma relative to pulmonary sites, this miR can affect many significant gene 

targets of potential interest, including BMI1, TUBB3 and ZEB2, among others. The 

following discussion focuses on loss of miR-200c-3p in hepatic metastatic sites (rather than 

relative upregulated miR-200c-3p expression in pulmonary sites) as miR-200c-3p was also 

found to be consistently downregulated in hepatic sites of metastasis relative to primary 

cutaneous melanoma and benign nevi, suggesting a consistent pattern of miR-200c 

expression in hepatic sites of metastasis relative to all other examined groups. Loss of 

miR-200c-3p expression in hepatic melanoma metastases may therefore play a significant 

role in metastasis to the liver based on the function of the predicted target genes.

BMI1 is a core catalytic component of the epigenetic regulator polycomb repressive 

complex 1 (PRC1) that is regulated by miR-200c.[25] BMI1 overexpression might be 

expected in the hepatic metastatic samples based on decreased expression of miR-200c. 

Increased activity of BMI has been associated with enhanced invasion and metastasis via 

induction of non-canonical Wnt signaling, resulting in polarized actin cytoskeleton 

rearrangement for directed migration.[25] Therefore, loss of miR-200c expression in 

melanoma cells may directly contribute to increased tumor invasion and metastasis to 

hepatic sites. BMI1, as well as Tubulin Beta 3 Class III (TUBB3) and Zinc Finger E-Box 

Binding Homeobox 2 (ZEB2) all have increased expression in BRAF inhibitor resistant 

melanoma in association with low miR-200c expression. The expression of these genes has 

also been significantly correlated with increased N-cadherin and SNAIL expression in 

melanoma tumor tissue, two markers of epithelial-mesenchymal transition (EMT) that were 

induced by loss of miR-200c expression in these tissues after BRAF inhibitor treatment.[26] 

The relative persistence of miR-200c expression in pulmonary sites of metastasis and the 

important role of the target genes regulated by miR-200c expression in epithelial-

mesenchymal transition suggests a differential role for this pathway in development of 

metastasis to the liver compared to the lung.

There are several limitations to this work. Notably, the small sample size is attributed to the 

distinct features of the NanoString platform which allow for a maximum of twelve samples 

to be analyzed simultaneously. The use of multiple cartridges sequentially can overcome this 

shortcoming, but this comes at the cost of introducing inter-chip variability. These findings 

need to be validated with greater numbers using accepted practices such as qPCR before in 
vivo and clinical endeavors can be justified. While the current study provides a unique 

approach to examination of miR expression patterns in melanoma, additional findings from 

other groups regarding miR expression in primary and/or metastatic sites provide detailed 

insight regarding miRs in melanoma that have been summarized in multiple reviews.[27–29]
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Due to limitation of tissue and RNA availability for the current samples, qPCR of 

dysregulated miRs and gene targets was not performed in the present study. Furthermore, 

documentation of the therapies received by these patients was not available at the time of 

sample collection for correlation with tissue miR expression. Therefore, the potential effect 

of specific therapies on tissue miR expression in these patients cannot be determined.

Additionally, the miR expression profile in adjacent normal tissue at the sites of metastasis 

in the lung and liver was not compared to the miR expression of the metastatic lesion due to 

a lack of tissue availability. Specifically, hepatic tissue is known to express miR-122 and 

may provide a significant source of background in our hepatic metastatic melanoma 

samples, leading to potential elevations in miR-122–5p expression of non-tumor origin in 

hepatic metastases relative to other groups.[30,31] However, recent literature indicates 

melanoma can express miR-122 and secrete miR-122–5p in exosomes upon activation of 

lysophosphatidic acid receptor 3 (LPAR3), a receptor critical to mediation of Wnt signaling 

and associated with increased melanoma cell survival upon activation.[32] Therefore, 

consideration of metastatic melanoma tissue as a potential source of increased miR-122–5p 

within the tissue is warranted. It must also be noted that the primary melanoma and 

metastatic melanoma samples available for assessment were isolated from unique patients. 

Thus, differences between these groups must be interpreted with the caveat that these groups 

do not represent progression of melanoma and associated miR expression within individual 

patients. Rather, the groups provide a representative sample of metastatic melanoma lesions 

in specific tissue microenvironments unique from primary cutaneous melanoma. 

Nonetheless, the present approach is useful as a means of focusing attention on a small 

group of miRs in each metastatic site for further assessment of their role the setting of 

melanoma metastasis. This process allows for direction of future efforts to a limited number 

of attractive miR candidates.

Conclusions

Collectively, this work suggests distinct miR profiles for melanoma metastatic to the lung as 

compared to liver and indicates that these miR patterns that may play a role in tumor 

localization and biologic behavior. Further validation studies are necessary to confirm these 

findings and explore the utility of these miR profiles as site-specific biomarkers of 

metastatic disease.
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IGF1R Insulin-like growth factor 1 receptor

PRC1 polycomb repressive complex 1

TUBB3 Tubulin Beta 3 Class III

EMT epithelial-mesenchymal transition

LPAR3 lysophosphatidic acid receptor 3
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Figure 1. 
(A) MicroRNA profile of benign nevi compared to pulmonary metastatic melanoma. 
NanoString expression of pulmonary metastatic melanoma (n=6) compared to benign nevi 

(n=6). Expression of statistically significant differentially expressed microRNAs are shown 

as log(fold change) in expression (p< 0.016). (B) MicroRNA profile of cutaneous primary 
melanoma compared to pulmonary metastatic melanoma. NanoString expression of 

pulmonary metastatic melanoma (n=6) compared to non-metastatic cutaneous primary 

melanoma (n=6). Expression of statistically significant differentially expressed microRNAs 

are shown as log(fold change) in expression (p< 0.025).
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Figure 2. 
(A) MicroRNA profile of benign nevi compared to hepatic metastatic melanoma. 
NanoString expression of hepatic metastatic melanoma (n=6) compared to benign nevi 

(n=6). Expression of statistically significant differentially expressed microRNAs are shown 

as log(fold change) in expression (p< 0.048). (B) MicroRNA profile of cutaneous primary 
melanoma compared to hepatic metastatic melanoma. NanoString expression of hepatic 

metastatic melanoma (n=6) compared to non-metastatic cutaneous primary melanoma (n=6). 

Expression of statistically significant differentially expressed microRNAs are shown as 

log(fold change) in expression (p<0.035).
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Figure 3. MicroRNA profile of hepatic metastatic melanoma compared to pulmonary metastatic 
melanoma.
NanoString expression of hepatic metastatic melanoma (n=6) compared to pulmonary 

metastatic melanoma (n=6). Expression of statistically significant differentially expressed 

microRNAs are shown as log (fold change) in expression (p< 0.0081).
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Figure 4. Multiple-Interaction gene target model for microRNAs with decreased expression in 
both hepatic and pulmonary metastases relative to benign nevi and primary cutaneous 
melanoma.
Gene targets (circles) of miRs (squares) with significantly decreased expression in 

pulmonary and hepatic melanoma relative to benign nevi and primary cutaneous melanoma, 

identified by miRNet with a minimum degree (number of associations with dysregulated 

microRNAs) of 3. This multiple interaction model is used to demonstrate the potential 

biological impact of loss of expression of these miRs in metastatic melanoma.
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Figure 5. Multiple-Interaction gene target model for microRNAs with elevated expression in 
hepatic metastases relative to pulmonary metastases.
Gene targets (circles) of significantly dysregulated microRNAs (squares) in pulmonary vs 

hepatic melanoma identified by miRNet with a minimum degree (number of associations 

with dysregulated microRNAs) of 3. miRs with significantly increased expression in hepatic 

metastatic melanoma relative to pulmonary metastatic melanoma are included. This multiple 

interaction model is used to demonstrate the biological significance of these miRs in 

melanoma, and helps prioritize which miRs and gene targets are of the greatest potential 

relevance in the development of metastatic melanoma at hepatic vs. pulmonary sites.
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