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Abstract

Metastatic melanoma is hallmarked by its ability of phenotype switching to more slowly 

proliferating, but highly invasive cells. Here, we tested the impact of signal transducer and 
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activator of transcription 3 (STAT3) on melanoma progression in association with melanocyte 

inducing transcription factor (MITF) expression levels. We established a mouse melanoma model 

for deleting Stat3 in melanocytes with specific expression of human hyperactive NRASQ61K in an 

Ink4a deficient background, two frequent driver mutations in human melanoma. Mice devoid of 

Stat3 showed early disease onset with higher proliferation in primary tumors, but displayed 

significantly diminished lung, brain and liver metastases. Whole genome expression profiling of 

tumor-derived cells also showed a reduced invasion phenotype, which was further corroborated by 

3D melanoma model analysis. Notably, loss or knockdown of STAT3 in mouse or human cells 

resulted in up-regulation of MITF and induction of cell proliferation. Mechanistically we show 

that STAT3-induced CEBPa/b expression was sufficient to suppress MITF transcription. 

Epigenetic analysis by ATAC-seq confirmed that CEBPa/b binding to the MITF enhancer region 

silenced the MITF locus. Finally, by classification of patient-derived melanoma samples, we show 

that STAT3 and MITF act antagonistically and hence contribute differentially to melanoma 

progression. We conclude that STAT3 is a driver of the metastatic process in melanoma and able to 

antagonize MITF via direct induction of CEBP family member transcription.

Introduction

Melanoma is a very aggressive form of skin cancer, with >76.000 new cases diagnosed 

annually in the US [1]. Stage I and stage II lesions can be successfully removed by surgery, 

but metastasized melanomas are challenging to treat, leading to an estimated 10.000 deaths 

in the US annually [1]. The current prognosis of advanced melanoma remains poor despite 

the success of immune- and targeted therapy. The plasticity of melanoma, which describes 

the ability of melanoma cells to switch multiple times from a proliferative to an invasive 

state and vice versa without the need for additional mutations, is in part responsible for the 

low curation rates [2, 3]. This process is also called phenotype-switching and involves the 

Microphthalmia-associated Transcription Factor (MITF) [4]. MITF is essential for 

melanocyte development, homeostasis and pigmentation response [5, 6]. MITF controls 

differentiation, survival and proliferation and its expression is also transcriptionally 

regulated by SOX10, a transcriptional activator important for neural crest development [7]. 

High MITF expression marks melanoma cells with a proliferative, but non-invasive 

phenotype. In contrast, melanoma cells expressing low MITF protein represent increased 

invasive and metastatic capacity [2, 8–10]. These findings exemplify an essential role for 

MITF in melanoma biology.

Although the transcriptional regulation of MITF is well described, the interplay with STAT3 

in cancer biology has so far not been established. STAT3 shows enhanced tyrosine 

phosphorylation in melanoma, catalyzed via JAK, SRC or growth factor tyrosine kinase 

family members [11]. Reports on inhibition of STAT3 by siRNA or expression of a 

dominant negative form of STAT3 in melanoma xenografts postulated an oncogenic role of 

STAT3 in melanoma progression [12, 13]. However, treatment with STAT3 activators like 

Oncostatin M (OSM) or IL-6 resulted in tyrosine phosphorylation of STAT3 (pYSTAT3) and 

decreased proliferation in melanoma cell line studies, suggesting a tumor suppressor role for 

STAT3 in melanoma progression [14, 15]. Complete genetic deletion studies for STAT3 in 

melanoma are still missing, whereas in prostate, lung and colorectal carcinomas, tumor 
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suppressive roles were associated with STAT3 function depending on the mutational context 

[16–18]. Importantly, it is not clear whether STAT3 plays a role in phenotype-switching 

towards invasive melanoma.

Here, we utilized a genetic model of spontaneous melanoma formation based on relevant 

driver mutations for human melanoma initiation and progression. Mice carrying melanocyte-

specific expression of the NRASQ61K oncogene in an Ink4a-deficient background were 

generated [19, 20]. Additionally, our mouse model allows for conditional melanocyte-

specific deletion of Stat3 [21]. We show that mice lacking Stat3 expression in melanomas 

have an accelerated visible tumor onset in vivo and exert a higher proliferating cell nuclear 

antigen (PCNA) labeling. In contrast, metastasis formation from Stat3 knockout primary 

tumors was severely impaired when analyzing lung, brain and liver tissue. Next, STAT3 

function was evaluated mechanistically using tumor derived cell lines, where we performed 

whole genome expression analysis combined with ATAC-seq profiling. We found, that 

STAT3 antagonizes MITF expression through elevated expression of CAAT Box Enhancer 

Binding Protein (CEBP) family members. Remarkably, in silico data mining of melanoma 

patient samples also revealed a negative correlation of CEBPa/b with MITF mRNA 

expression values. STAT3 knockdowns in human melanoma confirmed the antagonistic 

action on MITF expression with consequences for changed proliferation and invasion. We 

conclude that loss or down-regulation of STAT3 inhibits melanoma metastasis and that in 

response MITF is up-regulated. We propose that the complex interplay of these two master-

regulators, which both act as oncogenes in melanoma progression, determines clinical 

outcome and patient fate.

Materials and Methods

Animals

Mice carrying the Stat3floxed allele [21] were crossed with transgenic mice carrying 

melanocyte-specific expression of the NRASQ61K oncogene in an INK4A-deficient 

background [19, 22] and tyrsosinase Cre [23]. Human NRASQ61K and Cre are targeted to 

the melanocyte linage by tyrosinase regulatory sequences. Compound Tyr::NRASQ61K 

Ink4a-/- ; Stat3flox/flox; Tyr::Cre mice were termed Stat3Δ for simplified reading and 

maintained on a C57BL/6Jx129/Sv background. In all experiments described, sex ratio was 

equal and littermates lacking Tyr::Cre were used as controls and termed Stat3fl. For in vivo 

experiments the number of biological replicates is indicated in each figure shown. Animals 

were randomly assigned to groups, no blinding was applied. All mice were bred and 

maintained under standardized conditions at the Decentralized Biomedical Facility of the 

Medical University Vienna according to an ethical animal license protocol complying with 

the Austrian law and approved by the “Bundesministerium für Wissenschaft und Forschung” 

(BMWF-66009/0281-I/3b/2012).

Cell lines

Mouse melanoma cell lines were established from lymph nodes of diseased mice (25-30 

weeks of age) by single cell dissociation and culturing. Multiple individual primary pools of 

cell lines per Stat3fl and Stat3Δ melanoma cell genotype were generated, upon which we 

Swoboda et al. Page 3

Oncogene. Author manuscript; available in PMC 2021 June 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



selected two pools each for further detailed analysis. Gene lists for STAT3 targets are shown 

in Supplementary Table 1 and the MITF pathway members are shown in Supplementary 

Table 2. The primers used in this study are listed in Supplementary Table 3. Human BRAF 
mutated cell lines WM793B, 451Lu and WM35 were freshly bought from ATCC. All cell 

lines were cultivated under standard conditions (95% humidity, 5% CO2, 37°C) and 

maintained in DMEM supplied with 10% Fetal Bovine Serum, 10 U/ml Penicillin, 10 μg/ml 

Streptomycin, 2 mM L-Glutamine (all from Gibco, Thermo Fisher, Waltham, MA) and 2 

μg/ml Ciprofloxacin (Sigma-Aldrich, St. Louis, MO).Cell were routinely tested for 

mycoplasma contamination.

Immunohistochemistry and immunofluorescence

For immunohistochemistry 4μm tissue sections were deparaffinized and rehydrated in 

graded ethanol dilutions, after which antigen retrieval was carried out. Staining was 

performed using the ABC kit according to the manufacturer’s instructions (Novocastra, 

Wetzlar, Germany). As substrate 3-amino-9-ethylcarbazole was used (Agilent Technologies) 

and imaging was done with an Olympus BX63 microscope. The intensity of staining was 

evaluated by two blinded, board certified pathologists. For immunofluorescence cells were 

grown on chamber slides and fixed in 4% formaldehyde. After staining with primary and 

corresponding secondary antibodies imaging was done on a Leica TCS SP8 Microscope. 

Signal intensity was calculated by measuring pixel density in image J for CEBP positive 

nuclei and control nuclei. The antibodies used in this study are listed in Supplementary 

Table 4 and 5. Full size western blots are shown in Supplementary Figure 1a-d.

Clinical Samples

All melanoma samples were obtained from the Department of Dermatology, General 

Hospital Vienna. In each case, pathological diagnosis was made after elective surgery for 

malignant melanoma. Human tissue samples were collected after signed, informed consent 

was provided and approval for studies was obtained from Ethics Committee of the Medical 

University of Vienna, EK 405/2006, extension 11/10/2016. Additional materials and 

methods are provided in Supplementary Information.

Results

Tissue specific loss of STAT3 enabled earlier tumor onset

To study the effect of STAT3 loss in melanoma we used transgenic mice that allow for 

conditional deletion of Stat3 by Cre-loxP technology. To closely mimic human cutaneous 

melanoma progression, we employed a genetic mouse model driven by melanocyte specific 

hyperactive human NRASQ61K that has been further crossed to an INK4a-deficient 

background. Melanoma that carry NRASQ61K, lost p16INK4A and p19ARF and deleted Stat3 
(Tyr::NRASQ61KInk4a-/-Stat3flox/floxTyr::Cre) are further termed Stat3Δ, control melanoma 

expressing STAT3 are termed Stat3fl (Fig. 1a). Melanocyte specific CRE expression was 

described to recombine loxP sites from E10.5 onwards in development [24]. Consistently, 

mice developed tumors on their skin starting from 12 weeks of age (Fig. 1b). Disease onset, 

defined as appearance of palpable tumors with a size bigger than 1 mm, was significantly 

accelerated in the Stat3Δ group (Fig. 1c).
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As expected STAT3 was lost in mouse skin melanomas when tested by 

immunohistochemistry (Fig. 1d). PCNA staining revealed that primary Stat3Δ tumors 

displayed increased proliferative activity compared to Stat3fl tumors (Fig. 1e). Loss of Stat3 
could affect expression from the Stat5a and Stat5b gene locus, which resides in proximity on 

the same chromosome. Hence, we further investigated their expression and nuclear 

localization by antibody staining, but no significant difference was observed (Supplementary 

Fig. S2a, b).

Expression profiling revealed pigmentation and MITF pathway induction upon loss of 
STAT3

We isolated tumor cells from melanoma positive lymph nodes of the Stat3fl and Stat3Δ mice 

and selected for melanoma cells by continuous culturing. Cells were uniformly positive for 

the melanoma marker S100b (Supplementary Fig. S2c). Control cells showed basic STAT3 

activity according to Y705 phosphorylation, while with IL-6 stimulation enhanced STAT3 

activity was observed (Fig. 2a). Importantly, Stat3Δ cells showed complete loss of STAT3 

expression and STAT3 Y705 phosphorylation in all conditions as detected by Western 

blotting.

Next, we performed Affymetrix whole transcriptome microarray mRNA analysis followed 

by gene set enrichment analysis (GSEA) under basal growth conditions or during 

stimulation with murine IL-6 or OSM. Loss of Stat3 resulted in significant reduction of 

STAT3 target gene expression and importantly, Stat3Δ cells displayed augmented MITF 

pathway activation (Fig. 2b). As expected cytokine stimulation had no effect on STAT3 

target or MITF pathway gene expression in knockdown cells (Fig. 2c, d and Supplementary 

Fig. S3a-c). Increased MITF activity was validated by measuring absorbance of melanin in 

conditioned medium of STAT3 wild type and knockout cells (Fig. 2e). Additionally we 

detected increased melanin amounts in primary tumors lacking Stat3 (Fig. 2f). We conclude 

that loss of Stat3 is accompanied by up-regulation of the MITF pathway resulting in 

increased pigmentation of cells and tissue.

Invasion and metastatic outcome are reduced upon loss of Stat3 

Gene set enrichment analysis, including proliferative and invasive melanoma signatures, 

were performed to identify STAT3 related phenotypes (Fig. 3a). We found that Stat3Δ cells 

resembled MITF-driven proliferative gene signatures, which were identified in two large and 

independent melanoma cohort studies [2, 10, 25, 26]. In contrast, Stat3fl cells were closely 

related to the described invasive signatures [10, 25] and the hallmark EMT dataset defined 

by the GSEA team [27].

To validate our whole genome expression profiling we performed in vitro assays, where we 

found enhanced 3D-proliferation, but abrogated invasion and migration in Stat3Δ cells (Fig. 

3b, c). Our data implies that STAT3 fulfills an important function in RAS-transformed 

melanoma promoting invasion and migration. Tumor allografts of Stat3Δ cells were more 

compact, with higher cellular density and allografts showed little to no significant invasion 

of epidermal tissue. In contrast, Stat3fl-derived tumors were de-differentiated with 

fibroblastoid morphology, displaying high invasion into murine epidermis (Fig. 3d).
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Next, lungs of 40 week-old mice were stained for S100b to visualize metastasis formation. 

Importantly, Stat3 deletion significantly reduced the overall number of metastatic lung 

colonies (Fig. 3e, f). Furthermore, we screened brains and livers from sacrificed animals for 

macroscopic tumor colonization. Brain metastasis was reduced by 23% and liver metastasis 

was reduced by 15% in the Stat3 knockout animals (Fig. 3g). Additionally, we performed 

KI67 staining and identified a significant increase in labeling of metastatic lesions of 

knockout animals (Fig. 3h). In summary, knockout animals showed earlier onset of disease, 

increased PCNA expression in primary tumors and increased KI67 amounts in metastatic 

samples, but knockout cells also displayed decreased invasive capacities and less metastasis 

forming activity in distal organs. Next we asked how these different properties impact the 

overall survival of mice. Therefore we estimated the survival curve from cage side 

observations and the derived Kaplan Meier plot showed that survival between both groups of 

animals was comparable (Supplementary Fig. S4). This indicated that although wild type 

and knockout mice exhibited different phenotypes, in the end tumor burden, regarded as the 

sum of tumor spread and tumor growth, resulted in a similar outcome in life expectancy.

We continued to further analyze whole genome expression profiling, which revealed a set of 

five important de-regulated receptor tyrosine kinases: Three of them, Platelet-Derived 
Growth Factor Receptor alpha and beta (PDGFRa/b) and Epidermal Growth Factor Receptor 
(EGFR) displayed decreased mRNA expression in the Stat3Δ group (Fig. 4a and 

Supplementary Fig. S5). Two receptor tyrosine kinases, MET and cKIT, were increased 

(Fig. 4b). Accordingly, PDGFRb and EGFR were highly expressed in immunostainings of 

primary Stat3fl mouse melanomas, whereas Stat3Δ tumors showed increased expression of 

MET (Fig. 4c). PDGFRb and EGFR were also highly expressed in wild type primary 

tumors, whereas MET was predominantly expressed in corresponding Stat3 knockout 

samples (Supplementary Fig. S6). To dissect the regulatory basis for the observed changes in 

the cell transcriptomes, we performed chromatin profiling using ATAC-seq with a focus on 

the cKit and Pdgfrb locus in Stat3fl and Stat3Δ melanoma cells. Chromatin accessibility at 

the cKit promoter region was increased only in Stat3Δ and conversely the Pdgfrb promoter 

was only accessible in Stat3fl cells (Fig. 4d, e). This indicates, that the loss of STAT3 leads 

to epigenetic changes accompanied by the observed strong changes in gene expression 

patterns.

Assessment of chromatin accessibility reveals reciprocal expression between CEBPs and 
MITF

To investigate the mechanisms underlying the regulation of MITF by STAT3, we reasoned 

that STAT3 or its downstream targets could repress MITF. To test this hypothesis, we 

investigated regulatory elements of the proximal Mitf promoter region by ATAC-seq. We 

found that Stat3fl cells displayed chromatin accessibility in a regulatory element in close 

proximity of the Mitf gene, which contained a CEBPa/b binding element (Fig. 5a, b). Access 

at this site was specifically lost in Stat3Δ cells. Contrary, Stat3Δ cells displayed an increased 

accessibility at a regulatory element containing a SOX10 binding element that was absent in 

Stat3fl cells.
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The CEBP transcription factors are well-known downstream targets of STAT3 and we could 

identify strong inhibition of Cebpa/b/d mRNA expression after Stat3 knockout. Moreover, 

via protein analysis we found significantly increased CEBPa/b in a STAT3-dependent way 

and we could confirm reciprocal expression with MITF and SOX10 (Fig. 5c). Next, we 

introduced a 4-OH-tamoxifen inducible STAT3ERT2 construct [28] into Stat3Δ murine 

melanoma cells. Addition of 4-OH-tamoxifen led to an increased expression of Cebpa/b 
mRNA as measured by RT-PCR analysis (Fig. 5d). Expression and activation of the 

STAT3ERT2 fusion protein by 4-OH-tamoxifen was confirmed by Western blot analysis 

(Supplementary Fig. S7a). Induced STAT3 activity led to a reciprocal down-regulation of 

MITF pathway associated genes and Mitf, Met, cKit, Tyr were significantly repressed. 

Importantly, exogenous Cebpa expression in Stat3Δ melanoma cells and subsequent mRNA 

quantification led to a significant reduction in Mitf and Met expression, altering levels of 

these genes to approximately 50% of control cells (Fig. 5e). To validate these findings 

CEBPa or CEBPb were ectopically over-expressed and MITF expression was monitored on 

single cell level using microscopy. Melanoma cells devoid of STAT3 showed increased 

MITF protein expression, but when transfected with CEBPa or CEBPb then MITF levels 

where significantly reduced (Fig. 5f and Supplementary Fig. S7b and S8a, b). We conclude 

that STAT3-driven CEBP family member expression is responsible for repression of MITF 

mRNA and protein levels.

To test, whether our findings also apply for human melanoma cell lines, we performed stable 

lentiviral shRNA mediated knockdown of Stat3 in 451Lu, WM793B and WM35 cells. All 

three cell lines have the INK4A locus deleted and are driven by a BRAFV600E mutation. 

Evaluation of the knockdown was performed via RT-PCR (Fig. 6a). Consistent with our 

murine data, we observed up-regulation of MITF, MET, SOX10 and TYR on mRNA level 

(Fig. 6b). Furthermore, cells devoid of Stat3 showed increased cell proliferation (Fig. 6c). 

MITF and SOX10 were also up-regulation on protein level (Fig. 6d). Additionally increased 

clonogenic growth capabilities were observed (Fig. 6e). To discriminate whether the increase 

in cell number is due to increased cycling of cells or due to decreased apoptosis we 

quantified KI67 and cleaved caspase 3 amounts in the respective cell lines (Fig. 6f). To 

further validate and to address the clinical relevance of our findings, we evaluated publically 

available expression data sets from the Gene Expression Omnibus (GEO) and The Cancer 

Genome Atlas (TCGA) databases. This analysis revealed a strong negative correlation 

between MITF and CEBPA as well as between MITF and CEBPB expression (Fig. 6g).

Validation of STAT3 expression signatures in human clinical samples

To assess the clinical relevance of the relationship between MITF and CEBPa/b, we 

analyzed publicly available datasets (GEO accession GSE19234 and TCGA data from 

Cutaneous Melanoma). Using the online tool SurvExpress [29] samples were sorted 

according to the expression level of STAT3, CEBPA, CEBPB and MITF to generate equal 

sized low- and high-risk groups, to achieve the maximum possible difference in estimate 

patient survival times (Fig. 7a). The high-risk group was defined by high levels of MITF in 

combination with low STAT3, CEBPA and CEBPB levels. As expected, Kaplan Meier 

survival analysis showed significant differences in survival probability between high- and 

low-risk groups in both cohorts (Fig. 7b). We also analyzed survival of patients based solely 
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on STAT3 expression in the TCGA dataset and patient cumulative survival is predicted with 

p= 0.017 (Supplementary Fig. S9a, b). To validate our findings in human patient samples we 

analyzed a cohort of 25 primary melanoma tumors and 96-130 melanoma metastases for 

STAT3 and MITF antibody mediated staining intensities. Primary tumors compared to 

metastases showed higher levels of STAT3 protein, while MITF levels were higher in 

metastases than in primary tumors (Supplementary Fig. S10a, b and S11). To indicate active 

STAT3 we focused on nuclear STAT3 localization and we used consecutive sections to 

analyze co-occurring amounts of MITF and KI67 (Fig. 7c). Representative stained samples 

are shown (Fig. 7d).

In summary, we conclude that expression of CEBP family members depends on expression 

of STAT3 protein. Upon Stat3 deletion, Cebpa, Cebpb and Cebpd levels decrease, translating 

also in diminished protein expression and resulting in increased expression of MITF. This 

process leads to abrogated invasion and to diminished metastasis formation as illustrated in 

the summary schematic (Fig. 7e).

Discussion

We identified STAT3 as a critical regulator in the dynamic process of melanoma progression. 

Using a NRAS-driven mouse cutaneous melanoma model, devoid of INK4A tumor 

suppressors, we found that on the one hand STAT3 facilitated tumor cell spreading, while on 

the other hand STAT3 repressed MITF levels and it also diminished slightly proliferation of 

tumor cells. This indicates that STAT3 represents an important novel regulator in the 

complex relationship between phases of invasion and alternating phases of proliferation. Our 

findings have implications for the diagnosis as well as for therapeutic treatment of 

melanoma.

Tumor cells undergo progression and metastatic spread by adopting different biologic 

programs like proliferation, invasion, extravasation and distant colonization known as the 

invasion-metastasis cascade [30]. During this process, the alteration of proliferative phases 

with low proliferative phases is of paramount importance [2]. Here we propose that STAT3 

is a key molecule able to regulate this transition. Analysis of STAT3 mutations in human 

solid cancers, including melanoma, revealed a low mutation frequency (28). Loss of function 

mutations like nonsense and frameshift mutations were even less frequent compared to 

missense mutations [31]. These data support the notion that STAT3 is not a major target for 

somatic mutations in solid tumors, but subjected to extensive upstream regulation. Hence, 

levels of STAT3 activity can change according to the cellular context and furthermore 

influence melanoma progression. Likewise tumor cells with active STAT3 are prone for 

increased invasion and metastasis, for example at the invasive tumor boarder, while cells 

with down-regulated or no STAT3 show enhanced proliferation, for example at the 

metastatic site. Here, we provide evidence that genetic deletion of the STAT3 locus reduces 

the plasticity of melanoma cells and inhibits the transition from a proliferative phenotype to 

an invasive phenotype.

We have shown that loss of STAT3 expression is accompanied with increased proliferation 

as loss of STAT3 caused an earlier disease onset in mice consistent with a pronounced 
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proliferative signature marked by augmented MITF expression. In human cells knockdown 

of STAT3 also resulted in up-regulation of MITF and induction of cell proliferation and this 

could be explained by STAT3 interfering with malignant melanoma growth through 

antagonizing MITF. When we further compare histology data from our mouse model with 

findings from our human study we can observe that the increased cell proliferation in STAT3 

knockout mouse tumors is reflected in elevated KI67 staining of human melanoma samples, 

which also show decreased STAT3 expression. Interestingly increased labeling for KI67 as 

well as mitotic counts are robust prognostic predictors for worsening of survival in 

melanoma-bearing individuals [32, 33]. Both, our mouse as well as human studies show that 

tumors low in STAT3 display high amounts of MITF and importantly, metastatic melanoma 

patients with MITF amplifications show a dramatic decrease in survival probabilities 

compared to normal MITF status [34]. Hence, our bioinformatics analysis exemplifies that 

low amounts of STAT3 are associated with the so called high risk group, probably due to 

high proliferation, whereas melanoma cells high in STAT3 are low in proliferation and form 

the so called low risk group. MITF is a master transcription factor during melanocytic 

differentiation and controls lineage specific proliferation [35]. We suggest that the MITF 

repression is mediated by increased CEBPA and CEBPB amounts. CEBP family members 

are well-established downstream targets of STAT3 [36]. Binding of SOX10 to the MITF 

promoter positively regulates expression [37, 38], while binding of CEBPA inhibits MITF 

expression in myeloid cells [39]. Here we show that rescuing of Stat3Δ melanoma cells by 

reactivation of the STAT3 pathway or by forced expression of CEBPa/b also repressed Mitf 
mRNA production. Furthermore, we show that loss of STAT3 diminished expression of 

CEBP family members and CEBP binding motifs were less accessible as determined by 

ATAC-seq at the Mitf locus. Analysis of human expression datasets showed that high MITF 
correlated with low STAT3 and CEBPa/b levels. We have shown that STAT3 was essential 

for the establishment of an EMT signature according to whole genome expression profiling. 

Tumor invasion and migration activity was abrogated upon STAT3 loss, reminiscent of a loss 

of an EMT-like phenotype. Additionally, we found EGFR and PDGFR up-regulation in wild 

type compared to STAT3 knockout melanomas. PDGFR-beta is, for example, strongly 

expressed in pericytes and its expression in epithelial cells is regarded as a marker for the 

EMT phenotype [40]. Our conclusion regarding STAT3 as a metastasis driver is 

strengthened by recent reports, which describe STAT3 activity in melanoma cells as a driver 

for up-regulation of invasion-related genes and as a major factor in the transition towards a 

mesenchymal phenotype during EMT-like processes [41]. Additionally, DNp73 was shown 

to initiate metastasis in melanoma by activating STAT3 signaling [42]. Likewise, STAT3 was 

also shown to drive pancreas cancer metastasis to the liver [43] and STAT3 inhibition served 

as an effective strategy to reduce invasion and migration of cells [12, 44].

The presence of an EMT phenotype has not only been associated with invasion and 

migration, but also with an increased stemness of tumor cells [45]. Interestingly, STAT3 

controls stability of NANOG and SOX2, which are important stem cells transcription factors 

[46, 47]. STAT3 is also required for the viability of cancer stem cells in different tumor types 

including melanoma [48–51].

Treatment of melanoma currently focuses on the use of BRAF and MEK inhibitors, as well 

as on the remarkable success with blockade of immune checkpoint inhibitors. Unfortunately 
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patients still show low response rates towards anti-melanoma therapy, which has been 

attributed to the pronounced EMT-like phenotype [52, 53]. Specifically EMT in tumor 

patients is considered as a major factor in the development of resistance towards tyrosine 

kinase blockers [4] and for escaping PD-1 immunotherapy treatment [54]. Mechanistically 

resistance to vemurafenib treatment can occur when patients are low in MITF which leads, 

in line with our data, to corresponding up-regulation of EGFR [55]. Therefore, involvement 

of STAT3 in the EMT process, in enhancing stemness, as well as in immune evasion-

phenotype of tumor cells, could have significant implications for future melanoma therapy.

Our human STAT3 melanoma data pinpoint to a possible novel therapeutic opportunity. 

Hence, we suggest that targeting of STAT3 would prevent repetitive switching of tumor cells 

into an invasive, low proliferative and more treatment resistant cell population. To counteract 

the rise in proliferation after STAT3 inhibition a combinatory treatment approach to also 

suppress MITF can be envisioned. This could be achieved by interfering with tumor 

differentiation or by decreasing the levels of SR-BI in melanoma [56, 57]. Already in 

clinical use are HDAC inhibitors, which also show suppression of MITF [58]. Therefore, 

Panobinostat and Vorinostat are candidate drugs, currently being tested as adjuvant therapy 

(NCT02032810), or as stand-alone treatment (NCT02836548) after BRAFV600E inhibitor 

resistance (data from clinicaltrials.gov). Additionally, clinically approved tyrosine kinase 

inhibitors such as Dasatinib and Nilotinib, inhibiting cKIT/PDGFR, or Crizotinib and 

Cabozantinib, inhibiting cMET/ALK, could be used in combination with STAT3 inhibition.

Our findings imply that STAT3 represents a vulnerable node enabling melanoma transition 

from proliferation to migration and invasion. We conclude that a balanced expression of 

STAT3 and MITF controls melanoma fate and we propose that the main role of STAT3 is to 

promote invasion and metastatic spread.
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Fig. 1. STAT3 knockout in melanoma induced earlier tumor onset, but reduced metastasis.
a Mice containing a constitutively active NRAS gene controlled by the tyrosinase promoter 

and a deletion of the Ink4a locus were crossed to mice harboring a floxed Stat3 locus termed 

“Stat3fl”. Mice additionally expressing Cre recombinase by a tyrosinase promoter were 

termed “Stat3Δ”. b Representative pictures of 20 week-old mice. c Logrank (Mantel-Cox) 

test was used to display Kaplan–Meier plot, showing disease-free survival, defined as time 

before palpable tumors occur, of Stat3fl mice compared to the Stat3Δ group. d+e IHC 

evaluation of total STAT3 and PCNA in primary melanoma of Stat3fl and Stat3Δ mice. Scale 

bars, 50 μm. Data are shown as mean ± sd. P values represent Mann-Whitney U test. ***, P 
< 0.001, *, P < 0.05.
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Fig. 2. Loss of Stat3 induced MITF pathway in melanoma cells.
a Representative Western blot showing total STAT3 levels and IL-6 stimulated (20 ng/ml, 30 

minutes) STAT3 phosphorylation at Y705 in two representative cell lines derived from either 

Stat3fl (#1 and #2) or Stat3Δ tumors (#3 and #4). HSC70 served as loading control. b 89 

STAT3 target genes and 33 genes in the MITF pathway were evaluated by gene-set 

enrichment analysis (GSEA) during normal growth in cell culture. c Heatmap showing the 

top 20 regulated genes of the STAT3 gene-set. d Heatmap of the top 20 regulated genes of 

the MITF gene-set. e Melanin content in supernatant from tumor derived mouse melanoma 
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cell lines, after 48 hours of culturing, was measured by absorption at 410 nm. Results 

represent six independent measurements. f Tissue sections of primary tumors were stained 

by anti-MelanA antibody and percentage of positive cells is shown (left). Representative 

section, indicating melanin content, is shown (right). In e and f data are shown as mean ± sd. 

P values represent Mann-Whitney U test. **, P < 0.01.
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Fig. 3. Transcriptome analysis and functional testing revealed abrogated invasion and increased 
proliferation after STAT3 knockout.
a Normalized enrichment scores (NES) calculated for gene signatures derived from the 

GSEA database (H and C3) or from publications (first author is listed) with a false discovery 

rate <5% and p<0.05. b 3D-proliferation and sphere invasion assay of Stat3fl and Stat3Δ 

melanoma cells into a collagen gel (n=10/group). Stat3Δ cells proliferate faster (upper panel) 

and have abrogated invasive capabilities (n=6/group) (lower panel). Two representative 

spheres are displayed. Scale bar, 200 μm. c Transwell migration assay of Stat3fl and Stat3Δ 
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melanoma cells (n=4). STAT3 deletion leads to abrogated migration. Scale bar, 100 μm. d 
Representative HE stainings of tumors formed from Stat3fl and Stat3Δ cells grafted into 

NSG mice. Subcutaneously injected tumors of the Stat3fl group invaded the dermis, while 

tumors of the Stat3Δ group have a compact structure with even borders that did not invade 

into the dermis. Scale bar (left), 300?μm, scale bar (right), 20μm. e Representative lungs, 

arrows indicate melanoma metastases (left); S100b staining (right). Scale bar (left), 3 mm, 

scale bar (middle), 150 μm, scale bar (right), 60?μm. f Metastasis quantification of age 

matched lung samples of Stat3fl and Stat3Δ mice, showing a total of 27 lung metastatic 
lesions in WT and 9 in KO mice. g Representative pictures for brain and liver metastasis 

(left). Distribution of organ metastasis in Stat3fl and Stat3Δ genotypes (right). h Total 

number of KI67 positive tumor cells per field of 500 tumor cells. 6 individual tumor samples 

per genotype were analyzed in four random areas. In b, c, f and h data are shown as mean ± 

sd. P values represent Mann-Whitney U test. ***, P < 0.001, **, P < 0.01, *, P < 0.05.
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Fig. 4. Expression of receptor tyrosine kinases display a YIN/YANG dualism corresponding to 
STAT3/MITF interplay.
a The total mRNA levels of a set of significantly regulated RTK related to STAT3 and MITF 

signaling after normalization of the whole transcriptome expression screen comparing the 

expression levels between the Stat3fl and the Stat3Δ group. Bar charts show mean expression 

intensity ± sd of 6 samples per group. b Western blot of two Stat3 wild type (#1 and #2) and 

two knock out cell lines (#3 and #4) for MET and cKIT. HSC70 served as loading control. c 
Representative images of antibody stainings in tumors derived of grafted Stat3fl and Stat3Δ 
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cell lines in NSG mice. Red color depicts specific immunostaining and black/brown is 

related to pigmentation. Scale bar, 25μm. Bar charts showing AEC signal mean ± sd of 4 

samples per group. d+e ATAC-seq signal intensities at the cKit and at the Pdgfrb locus. Two 

independent cell lines with biological duplicates are depicted in blue as STAT3fl and in 

yellow as STAT3Δ. P values represent Mann-Whitney U test. ***, P < 0.001, **, P < 0.01, *, 

P < 0.05.
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Fig. 5. MITF expression depends on the STAT3 target Cebpa and Cebpb.
a Heatmap displays the grade of accessible chromatin from MITF regulatory elements. Blue 

correlates with closed or less accessible chromatin and red with open or more accessible 

chromatin for binding factors. b ATAC-seq signal intensities at the M-MITF locus and the 

possible binding sites of SOX10 and CEBPa/b. Data mapped according to ChIP-Atlas. 

Depicted in blue are Stat3fl cell lines and in yellow Stat3Δ cell lines all in technical 

duplicates. c Western blots show increased expression of both the 42 kDa (p42) and the 30 

kDa (p30) isoform of CEBPa/b and decreased expression of MITF and SOX10 in Stat3fl 
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cells in comparison to the Stat3Δ group. Actin served as loading control. d Lipofectamine 

transfection and stable selection via puromycin of Stat3fl murine melanoma cells with a 

STAT3ERT2 construct that can be activated by 4-Hydroxytamoxifen (4-OH-T). MITF 

pathway is down-regulated after two to four hours after activation with 1 μM 4-OH-T. Bar 

charts shows mean expression intensity ± sd of 4 samples per group e Mitf and Met 
regulation after 24 hours transient Cebpa transfection of murine Stat3Δ cells by 

lipofectamine. Bar charts shows mean expression intensity ± sd of 4 samples per group. f 
Co-immunofluorescence for CEBPa or CEBPb and MITF expression after transient Cebpa 
or Cebpb transfection by lipofectamine for 24 hours in Stat3Δ murine melanoma cells. Scale 

bar, 5μm. Quantification of cells expressing CEBPa or CEBPb by showing mean intensity ± 

sd of 10 samples per group. P values represent Mann-Whitney U test. ***, P < 0.001, **, P 
< 0.01, *, P < 0.05, ns, not significant.
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Fig. 6. Human melanoma cells induce MITF and proliferation upon loss of STAT3.
Three human melanoma cell lines were transduced with STAT3 shRNA or a scrambled 

control by lentivirus and selected via puromycin resistance. a Evaluation STAT3 RNA 

amounts by RT-PCR. b mRNA expression of MITF pathway members was up-regulated 

upon STAT3 silencing in WM35 cells. c Of each cell line 106 cells were seeded and after 4 

days of culturing cell number was measured. d Evaluation of the shSTAT3 RNA knockdown 

by Western blot for STAT3, SOX10 and MITF levels. Actin served as loading control. 

Numbers depict normalized intensity levels. e Of each cell line 104 cells were used for a 

clonogenic growth assay. After 10 days of growth colonies were fixed and stained with 

crystal violet. Three independent samples were counted, mean ± sd is shown. f Each line 

was seeded in 96 well plates and stained with anti-KI67 and anti-cleaved caspase 3 

antibodies. Normalized fluorescence signals are shown. g Data from the publically available 

“the cancer genome atlas – skin cutaneous melanoma (TCGA-SKCM)” and “GSE19234” 

human malignant melanoma patient datasets (Bogunovic, TCGA) were tested for 

correlations between CEBPA vs. MITF and CEBPB vs. MITF by calculating Pearson 

correlation coefficients. Data in a, b, c and f are bar charts showing mean expression 
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intensity ± sd of 4 samples per group. P values represent Mann-Whitney U test. ***, P < 

0.001, **, P < 0.01, *, P < 0.05.
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Fig. 7. Human patients with STAT3low, CEBPAlow, CEBPBlow and MITFhigh signature show 
worsened clinical outcome.
a Box-Whisker plot of mean gene expression levels of STAT3, CEBPA, CEBPB and MITF, 

which were determined by survexpress to result in a maximum survival probability 

difference between low- and high-risk groups. Datasets were used from Bogunovic et al. (44 

samples, GSE19234) and the TCGA-SKCM (336 samples). b Kaplan-Meier analysis of 

high- and low-risk groups as defined in a. c A group of 98 melanoma metastasis samples 

were stained for STAT3, MITF and KI67. Each sample was evaluated for the distribution of 
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nuclear STAT3, as well as MITF and KI67. d Two representative tissue samples (sample1 

for high nuclear STAT3 and sample2 for low nuclear STAT3) are shown with three 

consecutive sections, which were stained for STAT3, MITF and KI67. Scale bars, 50 μm. e 
Scheme depicting changes in transcription factor interaction governing the melanoma 

phenotype. In Stat3fl mice, STAT3 pathway is active, EGFR and PDGFRa/b is up-regulated 

and an EMT-like melanoma phenotype persists. When STAT3 activity is low or absent, 

MITF is released from suppression by CEBP family members. Subsequently, MITF target 

genes like cKIT and MET are up-regulated and proliferation of melanoma is enhanced.
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