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Abstract

We previously reported reduced expression of Sox4 in metastatic melanoma and its role in 

suppression of cell migration and invasion through inhibition of NF-κB p50. Sox4 can also bind to 

the promoter sequence of Dicer, a miRNA biogenesis factor. Interestingly, altered expression of 

Dicer was also observed in cancers. However, the potential mechanisms which regulate Dicer 

expression and its potential significance in melanoma progression are unknown. Here we studied 

the regulation of Dicer expression by Sox4 and its role in suppression of melanoma invasion. Our 

data showed that Sox4 positively regulates Dicer expression by binding to its promoter sequences 

and enhancing its activity. We found that knockdown of Dicer enhances the matrigel invasion of 

melanoma cells by at least 2-fold. In addition, we revealed that overexpression of exogenous Dicer 

reverts the enhanced melanoma cell invasion upon Sox4 knockdown. Furthermore, we examined 

the expression of Dicer protein in a large set of melanocytic lesions (n=504) at different stages by 

tissue microarray and found that Dicer expression is inversely correlated with melanoma 

progression (P < 0.0001). Consistently, reduced Dicer expression was correlated with a poorer 

overall and disease-specific 5-year survival of patients (P = 0.015 and 0.0029, respectively). In 

addition, we found a significant correlation between expression of Sox4 and Dicer proteins in 

melanoma biopsies (P = 0.009), further indicating the regulation of Dicer expression by Sox4. 

Finally, we revealed that knockdown of Sox4 induces a major change in the expression pattern of 

miRNAs in melanoma cells, mainly due to reduced expression of Dicer. Our results pinpoint the 

regulation of Dicer expression by Sox4 in melanoma and the critical role of Dicer in suppression 

of melanoma invasion. Our findings on Sox4 regulated miRNA biogenesis pathway may aid 

toward the development of novel targeted therapeutic approaches for melanoma.
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Introduction

Melanoma is an aggressive disease due to its notorious potential to invade and metastasize to 

other organs (1). Altered expression of multiple genes is observed upon progression of 

melanoma toward metastasis. Some of these changes are required for melanocytes to adapt 

to the environments other than epidermis which host the secondary tumors, while many 

other factors are involved in tumor cell invasion, motility, angiogenesis, proliferation, and 

evasion of apoptosis (2).

microRNAs (miRNAs) are a class of non-coding RNA which regulate the expression of 

target genes at post-transcriptional level. Biogenesis of the majority of miRNA starts from 

transcription by RNA polymerase II, producing pri-miRNA. The pri-miRNA is cleaved by 

Drosha in conjunction with DGCR8 in the nucleus, generating the pre-miRNA which is then 

transferred to the cytoplasm where Dicer further processes the hairpin into the mature 

miRNA (3). Deregulated miRNA has been reported in many types of cancers, both 

promoting and suppressing the process of cancer initiation or progression depending on the 

type of the malignancy and the miRNA of interest (4–5). With exception of few types of 

malignancies, a general downregulation of miRNA expression in cancers has been observed, 

mainly due to chromosomal abnormality, epigenetic changes, or aberrant expression and 

function of the miRNA biogenesis factors such as Dicer (6). In addition, reduced expression 

of Dicer was also reported to promote tumorigenesis in animal models (7–9). Despite all 

these progresses, the expression status of most miRNAs and their biogenesis factors, as well 

as the mechanisms which regulate the expression of miRNAs in melanoma is largely 

unknown.

Altered expression of Sry-related high-mobility group (HMG) box4 (Sox4) transcription 

factors has been reported in several types of human malignancies (10–12). Sox4 was shown 

to suppress apoptotic cell death in prostate (13) and adenoid (14) cancer cell lines which 

suggest that it may positively contribute to the progression of certain types of cancer. On the 

other hand, others have shown that Sox4 expression in other human cancer cells induces 

apoptotic cell death (12,15–16). Sox4 can also promote cell cycle arrest and apoptosis to 

inhibit tumorigenesis in human colon cancer cell line (17), suggesting that it may have a 

potential tumor-suppressive function in other tissues. We recently reported a significant 

correlation between reduced Sox4 expression and melanoma metastasis (18). We observed a 

positive correlation between Sox4 expression and 5-year survival of melanoma patients. In 

addition, we showed that Sox4 suppresses melanoma cell migration and invasion by 

inhibiting nuclear factor (NF)-κB p50 expression (18). Sox4 has also been reported to bind 

to the promoter sequence of certain miRNA biogenesis factors and components of the RISC 

such as Dicer, Argonaute 1, and RNA Helicase A in prostate cancer cell lines (19). 

Nevertheless, the significance of the interaction between Sox4 and miRNA biogenesis 

factors in suppression of melanoma invasion is not understood.
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Here we confirmed that Sox4 positively regulates Dicer expression at transcription level in 

melanoma and this regulation is critical for expression of a considerable number of cancer-

related miRNAs and suppression of melanoma invasion. In addition, we found that Dicer 

expression is reduced in metastatic melanoma and Dicer expression is positively correlated 

with overall and disease-specific 5-year survival of melanoma patients, suggesting that Dicer 

expression may be used as a promising prognostic marker and therapeutic target for 

malignant melanoma.

Results

Regulation of Dicer expression by Sox4

To identify whether Sox4 is able to regulate the expression of Dicer in melanoma cells, we 

knocked down Sox4 expression in two different melanoma cell lines and observed a marked 

reduction in Dicer expression at protein level (Figure 1a). To further investigate the 

mechanism by which Sox4 regulates Dicer expression, we used real-time qPCR and found 

that knockdown of Sox4 causes a marked reduction in Dicer mRNA level, while a modest 

increase in Sox4 expression mediated by transfection of MMRU cells with POTB7-Sox4 

increased Dicer mRNA expression (Figure 1b and c). In addition, through ChIP assay using 

anti-Flag antibody mediated pull-down of 3×Flag-Sox4, we confirmed that Sox4 is able to 

bind to sequences about 2200bp upstream of Dicer transcription start site (Figure 1d). 

Consistently, using a luciferase reporter construct under control of Dicer promoter, we 

showed that Sox4 knockdown resulted in over 50% reduction in Dicer promoter activity 

(Figure 1e). These data indicate that Sox4 positively regulates the expression of Dicer at 

transcriptional level by binding to and activating its promoter region.

Suppression of melanoma cell invasion by Sox4 in Dicer-dependent manner

To study the role of Dicer in melanoma invasion, we examined the ability of MMRU and Sk-

mel-3 cells to invade through matrigel using the Boyden chamber assay. We found that Dicer 

knockdown (Figure 2a) enhanced matrigel invasion of MMRU cells by 2-fold and Sk-mel-3 

cells by 1.7-fold compared with the respective controls (Figure 2b), indicating that Dicer 

suppresses invasion of melanoma cells. It might be argued that the enhanced invasion by 

Dicer-KD might be due to increased cell growth rate and not enhanced matrigel invasion 

ability. To address this concern we used cell growth assay and found that Dicer-KD MMRU 

and Sk-mel-3 cells grow slightly but significantly slower than their siCTR transfected 

counterparts (Supplementary Fig. S1), excluding the possibility that the augmented invasion 

after Dicer-KD was due to higher cell growth rate.

We previously reported that knockdown of Sox4 enhanced MMRU cell invasion by 3-fold 

(18). To understand the significance of Sox4-regulate Dicer expression in suppression of 

melanoma invasion we overexpressed Flag-Dicer in Sox4-KD cells (Figure 2c) and observed 

that overexpression of Flag-Dicer reduces invasion in Sox4-KD MMRU cell by 30 percents 

(Figure 2d), indicating that Flag-Dicer is able to at least partially revert the Sox4-KD 

phenotype.
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Reduced cytoplasmic Dicer expression is correlated with melanoma progression

We used TMA technology to investigate the expression pattern of Dicer in melanoma 

biopsies and its possible correlation with melanoma progression. Immunohistochemical 

staining with Dicer-specific antibody (Sigma) revealed a predominant cytoplasmic staining 

of Dicer (Figure 3a). Notably, a significant difference in cytoplasmic Dicer staining was 

observed between different stages of melanoma. Kruskal-Wallis test revealed a clear 

reduction in the expression of Dicer in metastatic melanoma compared with other stages of 

melanocytic lesions (P = 0.003; Figure 3b), but not among normal nevi dysplastic nevi and 

primary melanomas. In addition, when we grouped the samples into negative, weak, or 

strong Dicer staining, we found a significant difference between primary melanomas and 

metastatic melanomas (P = 0.0001, χ2 test; Figure 3c), although the differences among 

normal nevi, dysplastic nevi, and primary melanomas were not significant (P > 0.05). Our 

data further demonstrated that Dicer expression is also inversely correlated with American 

Joint Committee on Cancer (AJCC) stages (P =0.003, χ2 test; Figure 3d).

In addition, we found that expression of cytoplasmic Dicer is positively correlated with 

lymphocytic response in primary melanoma cases (P = 0.036, χ2 test; Table 1). Furthermore, 

primary melanoma samples from male individuals show less Dicer expression compared to 

their female counterparts (P = 0.009, χ2 test; Table 1). We did not find any significant 

correlation between cytoplasmic Dicer expression and patient age, tumor thickness, location, 

subtype, or ulceration status (Table 1).

To further validate these findings we used a separate anti-Dicer antibody (Clonegene) to 

probe for the expression of Dicer in a smaller TMA construct, containing 31 cases of 

dysplastic nevi, 71 cases of primary and 46 cases of metastatic melanomas (Supplementary 

Figure S2a). Statistical analysis showed that expression of cytoplasmic Dicer is significantly 

lost in metastatic melanoma compared with dysplastic nevi and primary melanoma (P = 

0.001, χ2 test; Supplementary Figure S2b). We did not observe any significant correlation 

between the expression of cytoplasmic Dicer and clinicopathologic parameters using this 

antibody (Supplementary Table S1).

Cytoplasmic Dicer staining positively correlates with better 5-year patient survival

We evaluated the correlation between cytoplasmic Dicer expression and 5-year survival of 

primary and metastatic melanoma patients by constructing Kaplan-Meier survival curves. 

Overall survival in strong Dicer staining group was 63.6% compared with 52.1% in weak 

and 46.2% in negative Dicer staining group (P = 0.007, log rank test; Figure 4a). In addition, 

the disease-specific 5-year survival of the patients was significantly reduced from 67.1% in 

strong Dicer staining group to 62.5% in weak and 47.7% in negative Dicer staining group (P 
= 0.008, log rank test; Figure 4b), indicating a significant positive correlation between Dicer 

expression and melanoma patients survival. We also performed multivariate Cox regression 

analysis including cytoplasmic Dicer staining, age and sex. The results revealed that Dicer 

staining is able to predict both overall and disease-specific patient survival (P = 0.002 and 

0.007, respectively; Supplementary Table S2) independent of age or sex of the patients. 

Using data obtained with the second anti-Dicer antibody, we also observed a clear positive 

correlation between Dicer expression and 5-year patient survival. Although the correlation 
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between Dicer expression and overall survival was not significant (P = 0.077, log rank test; 

Supplementary Figure S3a), Dicer expression was significantly correlated with disease-

specific survival (P = 0.037, log rank test; Supplementary Figure S3b).

Positive correlation between expression of Sox4 and Dicer in melanoma patients

We used our previous data for Sox4 TMA (18) and obtained the cytoplasmic Dicer 

expression for the corresponding cases from the current TMA data set to compare the 

expression pattern of both Sox4 and Dicer in the same melanocytic lesions. We grouped all 

cases based on the expression pattern of Sox4 into weak Sox4 (42 cases) or strong Sox4 

group (102 cases) and found that expression of Dicer is considerably higher in cases with 

strong Sox4 staining than those with weak Sox4 staining (P = 0.004, χ2 test; Figure 5a). 

Accordingly, the percentage of cases with strong Dicer staining increased from 9% in weak 

Sox4 group to 34% in strong Sox4 group while the percentage of cases with negative Dicer 

staining decreases from 45% in weak Sox4 group to 24% in strong Sox4 group.

Sox4 regulates the expression of a large subset of miRNAs

Considering the regulation of Dicer expression and to investigate whether Sox4 has a role in 

biogenesis of miRNAs in melanoma cells we used a qPCR based miRNA profiling method 

to detect the changes in expression of all validated and predicted mature human miRNAs 

after Sox4 knockdown in MMRU cells. Our results showed at least 2-fold downregulation of 

34.9% of miRNAs in Sox4-KD cells compared with siCTR transfected control cells. Sox4-

KD also increased the expression of 26.5% of miRNAs by at least 2-fold and had no 

significant effect on the other 38.6% miRNAs (Figure 5b). These results indicated a major 

change in the expression pattern of more than 60% of miRNAs after Sox4-KD in melanoma 

cells, implying the critical role of Sox4 in this process. Next, to determine the most 

important biological functions that are affected by Sox4-KD mediated change in miRNA 

expression we used Ingenuity Pathway Analysis (IPA) software and analyzed the miRNAs 

with at least 2-fold up- or down-regulation after Sox4-KD. Our results demonstrated that 

reproductive system diseases-related miRNAs show the most significant change after Sox4 

knockdown in melanoma cells (Figure 5c). Interestingly, cancer related miRNAs also 

showed a very significant change upon Sox4-KD (Figure 5c). According to IPA’s database, 

61 cancer related miRNAs were affected by Sox4-KD, 53 of which were at least 2-fold 

downregulated (Supplementary Table S3). In addition, between 21 metastasis-related 

miRNAs which were affected by Sox4-KD, 19 miRNAs showed at least 2-fold 

downregulation (Supplementary Table S4). Moreover, 26 out of 28 melanoma-related 

miRNAs identified by this software were at least 2-fold downregulated after Sox4-KD 

(Supplementary Table S5).

We also screened for expression profile of miRNAs in Sox4-KD MMRU cells after rescuing 

Dicer expression by exogenous Flag-Dicer. Consistent with a downstream role of Dicer in 

Sox4-regulated miRNA expression, we found a reversal in the expression of majority 

miRNAs which showed either reduced or increased expression after Sox4-KD with 

overexpression of Flag-Dicer (GEO database; accession# GSE36715). For instance, of 307 

miRNAs with more than two-fold reduced expression after Sox4-KD, expression of 198 

miRNAs were either comparable or more than control group after rescue of Dicer expression 
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(Supplementary Table S6). Interestingly, rescue of Dicer expression also revert the Sox4-KD 

induced change in the expression of majority miRNAs involved in cancer, metastasis or 

melanoma (Supplementary Tables S3, S4 & S5).

Discussion

High tendency to invade other tissues is the leading cause of melanoma-related death. 

Therefore, identifying the factors which are involved in regulation of melanoma invasion and 

metastasis is of outstanding priorities. We previously reported that expression of Sox4 is 

reduced in metastatic melanoma and revealed that Sox4 suppressed melanoma cell migration 

and invasion at least partially through suppression of (NF)-κB p50 expression. Different 

groups investigated the pattern of Sox4 binding to the promoters or regulation of expression 

of its target genes in human genome (19–21) which created a wealth of knowledge regarding 

Sox4’s target network. However, these high-throughput screenings did not return consistent 

results. For instance, Sox4 was shown to bind to promoter of Dicer in prostate carcinoma 

cell line (19), while the same observation was not made in small cell lung cancer (21), nor 

its knockdown was shown to change Dicer expression in hepatocellular carcinoma cell lines 

(20). Although the actual reason for this discrepancy is not known, different sensitivity in the 

methods and variations in the biology of different tissues might play a role.

In this study, we investigated the regulation of Dicer expression by Sox4 in melanoma and 

its significance in Sox4-mediated suppression of melanoma invasion. We observed that Sox4 

is able to regulate the expression of Dicer at both mRNA and protein levels (Figure 1a and 

b). Using overexpression of Flag-Sox4 construct and pull-down with anti-Flag antibody, we 

were able to confirm by ChIP assay that Sox4 binds to Dicer promoter sequences in 

melanoma cells (Figure 1d). Interestingly, the region which showed the highest degree of 

amplification after pull-down of 3×Flag-Sox4, contains two adjacent consensus Sox4 

binding sites (AACAAAG and AACAATA) (22–23), which may explain the significance of 

Sox4 binding to this region. Reduction of the Dicer promoter activity upon Sox4 knockdown 

as shown by luciferase reporter assay (Figure 1e) further confirmed the Sox4-regulated 

regulation of Dicer transcription. To understand the role of Dicer in regulation of melanoma 

invasion, we used matrigel invasion assay and for the first time revealed that knockdown of 

Dicer augments invasion ability of two different melanoma cells (Figure 2b). Consistently, 

Dicer expression had been previously proven critical in suppression of metastasis in multiple 

types of cancer, downregulation of which would enhance tumor metastasis (24–25). 

Excitingly, we also observed that overexpression of Dicer in melanoma cells can revert the 

Sox4-KD phenotype (Figure 2d), indicating the downstream role of Dicer in Sox4-mediated 

suppression of melanoma invasion.

By using immunohistochemistry (Figure 3a), we observed a significant reduction in 

cytoplasmic Dicer expression in metastatic melanoma compared with primary melanoma, 

dysplastic nevi and normal nevi (Figure 3b and c), suggesting that reduced or lost expression 

of Dicer may be relevant to the process of melanoma metastasis. Interestingly, we also 

observed an inverse correlation between Dicer expression and AJCC staging of the 

melanoma cases (Figure 3d). Accordingly, the main and only significant difference in 

cytoplasmic staining was between AJCC stage II and III, which corresponds to transition 
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from primary melanoma to lymph node metastasis. This observation is consistent with our 

Kruskal-Wallis and χ2 tests (Figure 3b & c), in which Dicer expression is mainly reduced in 

metastatic melanomas compared with the earlier stages of melanocytic lesions. Altogether, 

these data suggest that Dicer expression is reduced during the course of melanoma 

progression, implying an inhibitory role for Dicer in this process.

Aberrant expression of Dicer has been reported in multiple types of tumors. For instance, 

reduced expression of Dicer was shown in ovarian, lung, hepatocellular and basal cell 

carcinomas (26–30). On the other hand, overexpression of Dicer was reported in prostate 

cancer, colon and squamous cell carcinomas (30–32). This obvious discrepancy between 

different reports highlights the possibility of tissue specific function for Dicer in cancer 

development. In a recent report, Ma et al observed that Dicer protein is upregulated in 

melanoma compared to other skin cancers such as carcinomas and sarcomas (33). When 

compared among all examined cutaneous malignancies, they found Dicer upregulation in a 

tumor-type specific manner, namely in melanoma compared with melanocytic nevi (33). We 

believe that this discrepancy might be due to differences in sample size (521 cases in our 

study compared with 223 cases used by Ma et al) which could significantly affect the power 

of the study, inherent differences in the source populations from which the samples were 

collected or possible differences in the immunoreactivity of the antibodies. To further 

address this concern, we performed an immunohistochemistry test on a TMA construct 

containing 31 cases of dysplastic nevi, 71 cases of primary melanomas and 46 cases of 

metastatic melanomas using the same antibody mentioned in Ma et al report (Supplementary 

Figure S2). We observed that cytoplasmic Dicer staining using this antibody closely 

resembles our original TMA analysis (Figure 3), as opposed to what Ma et al observed. This 

further verifies our original findings that Dicer expression is decreased during the course of 

melanoma progression. Furthermore, we found that Dicer expression positively correlate 

with 5-year overall and disease-specific survival of primary and metastatic melanoma 

patients (Figure 4a and b), confirmed by a second anti-Dicer antibody (Supplementary 

Figure S3).

The survival analysis using data produced by both antibodies revealed a positive correlation 

between Dicer expression and disease specific 5-year survival (Figure 4a and Supplementary 

Figure S3). However, despite an observed significant correlation between cytoplasmic Dicer 

expression and overall patient survival (P = 0.007; Figure 4a) using the first antibody, we 

found no significant correlation between overall survival and Dicer expression using the 

second antibody (P = 0.077; Supplementary Figure S3b). We believe this is due to smaller 

sample size with the second antibody(n=117) compared with the analysis with the first 

antibody (n=397).

This is the first study on the correlation between Dicer expression and melanoma patient 

survival. As shown in Figure 2b, Dicer-KD significantly stimulated melanoma cell invasion 

which is one of the most critical events in the process of cancer progression toward 

metastasis (34), suggesting that Dicer functions as an inhibitor of melanoma metastasis, that 

is by far the most important cause of melanoma related death. Moreover, we found a positive 

correlation between expression of Dicer and lymphocytic response in primary melanomas 

(Table 1). Lymphocytic response in melanoma is known to be responsible for killing tumor 
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cells and may induce spontaneous regression. In addition, lymphocytic response in 

melanoma vertical growth phase is a prognostic factor associated with better patient survival 

(35). Suppression of melanoma invasion and enhancement of lymphocytic response may 

explain the observed positive correlation between Dicer expression and higher survival rate 

in patients.

Interestingly, we also observed less expression of cytoplasmic Dicer in male samples 

compared with female individual (P = 0.009, Table 1). Using the second anti-Dicer antibody, 

we found a similar trend, although not statistically significant possibly due to smaller sample 

size (Supplementary Table S1). Although we are not aware of the functional significance or 

the mechanism responsible for this differential pattern of Dicer expression, it may be 

interesting to investigate possible gender-specific differences in miRNAs expression and/or 

maturation, especially during the course of cancer development.

By comparing the expression status of these Sox4 and Dicer proteins in our TMA database, 

we found that there is a significant positive correlation between their expression (Figure 5a), 

further confirming our observation that Dicer expression is regulated by Sox4 in melanoma 

cells. As a matter of fact, this phenomenon may not be exclusive to melanoma. For instance, 

independent studies demonstrated overexpression of both Dicer (32) and Sox4 (11) in 

prostate cancer. Considering the observed upregulation of Dicer by Sox4 in prostate cancer 

cell lines (19), it would be interesting to study the correlation between their expressions in 

this type of malignancy.

Finally, we investigated the role of Sox4 in biogenesis of mature miRNAs in melanoma cells 

in vitro. Our data demonstrated that knockdown of Sox4 alters the expression of the majority 

of miRNAs expressed by these cells (Figure 5b) implying involvement of Sox4 in the 

process of miRNA biogenesis. Consistent with our other observations, we found that rescued 

Dicer expression can revert the Sox4-KD induced changes in the expression of majority 

miRNAs. Our analysis showed a clear reversion in expression of those miRNAs which were 

either up- or down-regulated upon Sox4 knockdown toward normalcy after rescue of Dicer 

expression indicating the requirement for Dicer in regulation of miRNAs expression by Sox4 

(Supplementary Table S3, S4, S5, S6). It is noteworthy that, although expression of majority 

miRNAs shifted upon overexpression of Dicer in Sox4 knockdown cells, a considerable 

number of miRNAs did not show a significant change which indicates existence of 

mechanisms other than Dicer upregulation by which Sox4 can modify the expression of 

these miRNAs. Regulating the expression of other miRNA biogenesis factors such as Drosha 

and Ago1 by Sox4, direct effect of Sox4 on promoters which control the expression of some 

pri-miRNAs and indirect effect of Sox4 on transcription of pri-miRNAs through downstream 

transcription factors such as p53, the expression of which has been shown to be regulated by 

Sox4 (36), are a few possible scenarios which need verification in future studies. We also 

studied the cellular functions that are regulated by those miRNAs, expression of which were 

affected by Sox4, using Ingenuity Pathway Analysis software. Our data revealed that 

reproductive system diseases represented the most relevant function in our analysis. This 

observation is not surprising, as Sox4 has been previously shown to be involved in 

reproductive system (37–38). Cancer related miRNAs were also one of the most 

significantly changed groups in our study (Figure 5c). Further analysis revealed that Sox4-
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KD affects the expression of cancer, metastasis and melanoma-related miRNAs, the majority 

of which are more than 2-fold down-regulated (Supplementary Table S3–S5). To our 

knowledge, this was the first study to investigate the role of Sox4 in regulation of miRNAs 

and demonstrated the significant effect of this gene in the expression profile of miRNAs in 

melanoma cells.

Although we showed that Sox4 and Dicer regulates invasion of melanoma cells in vitro and 

that their reduced expression levels are exhibited in advanced stages of melanoma, it is not 

known whether low expression levels of Sox4 and or Dicer would promote melanoma 

metastasis in vivo. We believe metastasis assays in mice, either using xenografts or tail vein 

injection of melanoma cells with Sox4 and Dicer knockdown would address this question in 

the future.

In conclusion, our data suggest a reduction in the expression of Dicer in melanoma which 

could be due to a downregulation of its upstream regulator Sox4, resulting in perturbation of 

the basic machinery controlling miRNA biogenesis in melanoma cells. We found that similar 

to Sox4, Dicer expression is positively correlated with melanoma patient survival, revealing 

the prognostic value of Dicer in melanoma. We further proved that alterations in the 

expression of Sox4 and Dicer significantly affect the invasive potential of melanoma cells 

and may play a key role in the molecular pathogenesis of melanoma. Our findings on Sox4 

regulated miRNA biogenesis pathway may aid toward development of novel targeted 

therapeutic approaches for melanoma.

Materials and Methods

Cell culture, plasmid construction and siRNA transfection

Human melanoma cell lines, MMRU and Sk-mel-3 were cultured as described previously 

(18). The Sox4 open reading frame was subcloned from pOTB7-Sox4 (ImaGegen, Berlin, 

Germany) into 3×Flag-CMV-7.1 as previously described (18). pCDNA3-Flag-Dicer was 

kindly provided by Dr. Ian J. MacRae (The Scripps Research Institute). Plasmids were 

transfected into 50% confluent cells using Effectene transfection reagent (Qiagen, Valencia, 

CA). For RNAi experiments, cells were grown to 50% confluency before transfection of 

either nonspecific control siRNA (siCTR), Sox4 specific siRNA (sc-38412, Santa Cruz 

Biotechnology, Santa Cruz, CA) or Dicer siRNA (siDicer, Qiagen SI00300006) using 

siLentFect transfection reagent (Bio-Rad, Mississauga, Ontario, Canada). The cells were 

harvested at 72 hours after transfection for indicated analysis.

Western blot

Proteins extraction and Western blot was performed as described previously (39). The 

following antibodies were used for Western blot: rabbit anti-Sox4 (1:250; Santa Cruz 

Biotechnology), rabbit anti-Dicer (1:1000; Sigma, St Louis, MO), mouse anti-Flag (1:1000; 

Applied Biological Materials, Richmond, BC, Canada), and mouse anti-β-actin (1:10,000; 

Sigma). Infrared-dye-labelled secondary antibody was applied to the blots and signals were 

detected with Odyssey Infrared Imaging system (LI-COR Biosciences, Lincoln, NE).
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Real-time reverse transcription PCR

Total RNA was prepared by Qiazol extraction (Qiagen) and reverse transcribed into cDNA 

with the Transcriptor cDNA Synthesis System (Roche, Indianapolis, IN, USA). Real-time 

qPCR was performed with SYBR Green Master mix system (Roche). The sequences of 

human Sox4 primers were 5′-GGTCTCTAGTTCTTGCACGCTC-3′ (forward) and 5′-

CGGAATCGGCACTAAGGAG- 3′ (reverse). The primers for human Dicer were 5′-

GTACGACTACCACAAGTACTT-3′ (forward) and 5′-

ATAGTACACCTGCCAGACTGT-3′ (reverse). The primers for human β-actin were 5′-

CCCTGAGGCACTCTTC-3′ (forward) and 5′-AGGTCTTTGCGGATGT-3′ (reverse).

Chromatin immunoprecipitation assay

MMRU cells were transfected with 3×Flag-Sox4 construct using the Effectene transfection 

reagent (Qiagen). Twenty four hours after transfection, formaldehyde-fixed cells were 

immunoprecipitated overnight with mouse anti-Flag (1:1000; Applied Biological Materials) 

and the associated genomic DNA was analyzed by PCR and agarose gel electrophoresis. We 

designed four sets of primers, spanning a distance from −3kb to +1000bp of the Dicer 

transcription start site. A list of the sequences of primers and the site of their corresponding 

amplicons is shown in Supplementary Table S7.

Luciferase reporter assay

The human Dicer promoter reporter gene construct (pGL3-DICER-Prom, (40) was kindly 

provided by Dr. D.E. Fisher (Harvard Medical School, MA) through Addgene (plasmid 

25851). siCTR or siSox4 treated MMRU cells were plated in 12-well plates and transfected 

with pGL3-DICER-Prom. Firefly luciferase activities in the lysates were determined after 

243h using the Dual-Luciferase Reporter assay system (Promega, Madison, WI, USA) and 

were normalized with Renilla pRL-CMV plasmid transfection.

Cell invasion assay

Cell invasion analysis was done using the Boyden chamber assay as previously described 

(41). In brief, 40 μl of 5 mg/ml matrigel (BD Biosciences, Mississauga, Canada) in serum-

free medium was added to the upper compartment of 24-well Transwell culture chambers 

(with 8.0 μm pore size polycarbonate membrane). 5×104 cells suspended in 250 μl of serum-

free medium were seeded on the upper compartment, and 750 μl of complete medium was 

added to the lower compartment and incubated for 24 hours. Invaded cells on the lower side 

of the filter were stained with 0.5% crystal violet and the retained dye was extracted by 30% 

acetic acid followed by reading the absorbance at 590 nm.

Sulforhodamine B (SRB) cell growth assay

Twenty four hours after transfection with siDicer and siCTR, MMRU and Sk-mel-3 cells 

were seeded in 24-well plates. Cells were fixed and stained as previously described (18). 

The initial time point (0 hours) was measured 6 hours after seeding. Subsequent time points 

were measured by fixing cells 24, 48, and 72 hours later.
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miRNA profiling assay

The miRNA profiling array was carried out using Applied Biological Materials (ABM)’s 

miRNA profiling service (ABM C201). Total RNA from siCTR, siCTR/Flag-vector, siSox4, 

or siSox4/Flag-Dicer transfected MMRU cells was prepared with Qiazol extraction followed 

by Poly-A Tailing reactions and miRNA cDNA synthesis (ABM C204). Real-time qPCR 

reactions and instrumental analysis was performed using Roche LightCycler480. The 

expression profile of miRNAs in all four groups is deposited and publically available in 

GEO database (accession number: GSE36715). Functional analysis of the miRNA profiling 

data was performed using the Ingenuity Pathway Analysis software (Ingenuity Systems, 

Redwood City, CA). Lists of miRNAs were generated by pair-wise comparison of our 

expression data sets (siSox4 vs siCTR and siSox4/F-Dicer vs CTR). miRNAs with 2-fold 

up- or down-regulation after Sox4-knockdown were subjected to the Ingenuity knowledge 

proprietary database to identify the biological functions that were most significant to the 

data sets.

Construction of TMA

Formalin-fixed paraffin-embedded tissues from 30 normal nevi, 87 dysplastic nevi, 262 

primary melanomas, and 135 metastatic melanomas were used in the present study. All 

specimens were obtained from the 1990 to 1998 archives of the Department of Pathology, 

Vancouver General Hospital. The use of human skin tissues in this study was approved by 

the Clinical Research Ethics Board of the University of British Columbia. TMA slides were 

prepared as described previously (18).

Immunohistochemistry

Immunohistochemistry procedure was performed as described previously (18) using 

polyclonal Rabbit anti-Dicer antibody (1:100, Sigma HPA000694) or a monoclonal Rabbit 

anti-Dicer antibody (1:100; CloneGene, Hartford, CT).

Evaluation of immunostaining

The evaluation of cytoplasmic Dicer expression was made blindly by two independent 

observers (including one dermatopathologist) simultaneously. The cytoplasmic Dicer 

staining was scored into four grades according to the following staining intensities: 0, 1+, 

2+, and 3+. Percentages of Dicer-positive cells were also scored into five categories: 0 (0%), 

1 (1–25%), 2 (26–50%), 3 (51–75%), and 4 (76–100%). The immunoreactive score, which is 

calculated by multiplying the scores of staining intensity and the percentage of positive cells, 

was used as the final staining score, defined as follows: 0, negative; 1–6, Weak and 8–12, 

strong.

Statistical analyses

The Kruskal-Wallis test was applied to compare the Dicer cytoplasmic staining between 

normal nevi, dysplastic nevi, primary melanoma and metastatic melanoma using the 

GraphPad prism4 software. Other statistical analyses were performed with the SPSS 11.5 

software. The correlations between nuclear Sox4 expression and clinicopathologic variables, 

including age, gender, tumor thickness, location, and ulceration were analyzed byχ2 test. 
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Fisher’s exact test was used to estimate the significance of the incidence of biological 

functions by calculating a P value determining the probability that the association between 

the miRNA dataset and these biological functions is significant. A P value of less than 0.05 

was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Regulation of Dicer expression by Sox4. (a) Protein extracts were prepared 72 hours after 

transfection and analyzed for the expression of Dicer and Sox4 by western blot. β-actin was 

used as a loading control. (b, c) For quantitative reverse transcription PCR analysis, cells 

were transfected with siCTR, siSox4, empty vector or POTB7-Sox4 and lysed for total RNA 

extraction and reverse transcription (72 and 24 hours after transfection for siRNA and 

plasmid transfected cells, respectively). Expression of Dicer and Sox4 mRNAs was 

measured by real-time quantitative PCR and normalized with β-actin as loading control. *P 
< 0.05, ***P < 0.001, Student’s t-test. (d) Flag-Sox4 protein binds to the Dicer promoter 

sequence in MMRU cells in vivo, demonstrated by ChIP assay. (e) Dicer promoter luciferase 

reporter activity of control and Sox4 knockdown MMRU cells. Whole-cell extracts were 

prepared 243h after transfection, and luciferase levels were measured by luminometry. All 

values are expressed as mean±s.d. **P < 0.01.
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Figure 2. 
Sox4-mediated enhancement of Dicer expression is required for suppression of melanoma 

cell invasion. (a) Western blot confirms reduction of Dicer protein in MMRU and Sk-mel-3 

cells 72 h after transfection with siDicer. (b) For Boyden chamber assay, MMRU and Sk-

mel-3 cells were suspended in serum-free medium and seeded on matrigel, incubated at 

37°C for 24 hours, stained by crystal violet, and quantified. *P < 0.05, **P < 0.01, Student’s 

t-test. (c) Western blot confirms rescued expression of Dicer after transfection of Sox4-KD 

MMRU cells with Flag-Dicer. (d) Overexpression of Flag-Dicer can revert Sox4-KD 

enhanced MMRU cell matrigel invasion. *P < 0.05, ***p < 0.001, Student’s t-test.
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Figure 3. 
Reduced expression of cytoplasmic Dicer correlates with melanoma progression. (a) 

Representative images of normal nevi (NN) and dysplastic nevi (DN) with strong 

cytoplasmic staining, primary melanoma (PM) with moderate staining, and metastatic 

melanoma (MM) with negative cytoplasmic Dicer staining. (b) Kruskal-Wallis test for 

differences in Dicer staining among NN, DN, PM, and MM. The median is depicted as a 

horizontal line inside each box (P = 0.003). (c) Chi square test for differences in Dicer 

staining in NN, DN, PM, and MM. Significant difference was found between PM and MM 

(P = 0.0001). (d) Cytoplasmic Dicer expression is negatively associated with AJCC stage of 

melanoma cases (P = 0.003, χ2 test).
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Figure 4. 
Dicer expression positively correlates with 5-year survival of melanoma patients. (a) Overall 

and (b) disease-specific 5-year survival of all primary and metastatic melanoma patients.
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Figure 5. 
Regulation of miRNAs expression by Sox4 in melanoma. (a) positive correlation between 

Sox4 and Dicer expression in 144 melanocytic lesions at different stages. Dicer expression 

was compared between weak or strong Sox4 expressing cases (P = 0.004, χ2 test). (b) Total 

RNA from siCTR or siSox4 transfected MMRU cells was prepared with Qiazol extraction 

followed by Poly-A Tailing reactions and miRNA cDNA synthesis. miRNAs were grouped 

by pair-wise comparison of our expression data sets (siSox4 vs siCTR) based on their 

expression fold-change. (c) Functional analysis of the miRNA profiling data was performed 

using the Ingenuity Pathway Analysis. The horizontal line indicate the p-value = 0.05 

threshold.
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