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ABSTRACT 

The serine/threonine kinase 11 (STK11/LKB1) is a tumor suppressor involved in metabolism 

and cell motility. In BRAF
V600E

 melanoma, STK11 is inactivated by ERK and RSK, preventing it 

from binding and activating AMPK and promoting melanoma cell proliferation. Although 

STK11 mutations occur in 5-10% of cutaneous melanoma, few functional studies have been 

performed. By knocking out STK11 with CRISPR/Cas9 in two human BRAF-mutant melanoma 

cell lines, we found that STK11-loss reduced the sensitivity to a BRAF inhibitor (BRAFi). More 

strikingly, STK11 loss led to an increased invasive phenotype in both 3-dimensional spheroids 

and in vivo zebrafish xenograft models. STK11 overexpression consistently reverted the invasive 

phenotype. 

Interestingly, STK11 knockout increased invasion also in an NRAS-mutant melanoma cell line.  

Furthermore, while STK11 was expressed in primary human melanoma tumors, its expression 

significantly decreased in melanoma metastases especially in brain metastases. In the STK11-

knockout cells we observed increased activating phosphorylation of STAT3/5 and FAK. Using 

inhibitors of STAT3/5 and FAK, we reverted the invasive phenotype in both BRAF and NRAS 

mutated cells. Our findings confirm an increased invasive phenotype upon STK11-inactivation in 

BRAF and NRAS-mutant cutaneous melanoma that can be targeted by STAT3/5 and FAK-

inhibition.  

 

  

Jo
urn

al 
Pre-

pro
of



INTRODUCTION 

The LKB1/STK11 gene encodes a Serine/Threonine kinase, which is broadly expressed in all 

fetal and adult tissues although at different levels (Zhao and Xu, 2014). STK11 is known to 

directly phosphorylate and regulate adenosine monophosphate-activated protein kinase (AMPK) 

and 12 other AMPK-like kinases to regulate a broad spectrum of cellular functions including 

growth, metabolism, autophagy, adhesion, and polarity (Momcilovic and Shackelford, 2015). It 

was first reported to be a tumor suppressor when genetic loss of function alterations of STK11 

were identified as the major cause of Peutz-Jeghers syndrome (PJS). PJS is a rare, autosomal 

dominant disease with hemizygotic loss of STK11 in 95-100% of the cases. It is characterized by 

the growth of gastrointestinal polyps, hyperpigmented freckling of the mouth and digits, and a 

strong predisposition for cancer in different organs, such as colon, pancreas, breast, ovary and 

testis. (Aretz et al., 2005; Daniell et al., 2018; Nagy et al., 2004) Moreover, STK11 mutations are 

frequently found in a variety of cancer patients without PJS, such as lung adenocarcinoma (30%), 

cervical carcinoma (15%) and melanoma (5-10%) (Forbes et al., 2011; Liu et al., 2012; Rowan et 

al., 1999). Due to its high mutation rate in lung cancer it has been frequently studied and was 

shown to increase lung cancer aggressiveness, metastasis, immune-evasion and recently, anti-

PD1-inhibitor resistance (Koyama et al., 2016; Marcus and Zhou, 2010; Skoulidis et al., 2018). 

In cutaneous melanoma, oncogenic BRAF
V600E

, but not BRAF wildtype signaling, has been 

shown to functionally inhibit some STK11-dependent pathways (Zheng et al., 2009): Through 

increased ERK-activity from constitutive BRAF signaling, STK11 was unable to activate AMPK, 

a key metabolic enzyme, showing a linkage between the MAP-Kinase pathway with the STK11-

AMPK pathway. These findings suggest an important role for the suppression of STK11 activity 

in BRAF
V600E

-driven melanoma tumorigenesis (Zheng et al., 2009). Furthermore, the 
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inactivation of STK11 in a genetically engineered KRAS-mutant melanoma mouse model led to 

highly metastatic melanoma with 100% penetrance in a SRC-family kinase-dependent manner. 

As BRAF-mutant melanoma represents around 50% of cutaneous melanomas (Schadendorf et al., 

2018), we sought to study the effects of genetic STK11-inactivation in BRAF
V600E

-mutant 

human melanoma cells on BRAF-inhibitor resistance and invasion. We then confirmed our 

findings in an NRAS melanoma cell line. 
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RESULTS 

STK11-Loss Reduces Sensitivity to BRAF
V600E

-Inhibitor. 

To explore the role of STK11-inactivation in melanoma we created stable STK11-knockouts 

(STK11-KO) using the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 

and CRISPR-associated protein-9 nuclease CRISPR/Cas9 system (Jinek et al., 2012) with three 

different short-guide RNAs, each targeting a different exon in the STK11-transcript (Figure 1A). 

To rule out differences based on cell line heterogeneity, we generated monoclonal cell lines from 

2 BRAF
V600E

 (M990922 and WM793B) and 1 NRAS
Q61R

 (M130425) mutated melanoma cell 

cultures. For each cell line we expanded single cell clones with a successful knock-out of at least 

two different exons and one single cell clone harboring a non-targeting scramble (SCR) short-

guide RNA construct with wildtype STK11 (Figure 1B and Supplementary Figure S1A). 

Although STK11-KO2 in both BRAF mutated cell lines showed a significant increase in cell 

growth at 3 days in comparison to controls, the same effect was not observed in NRAS mutated 

cells (Supplementary Figure S1B-S1C). Altogether, we observed no difference in the 

proliferation rate between the STK11-KO cells and the SCR cells (Supplementary Figure S1D). 

We then investigated, whether STK11 loss-of-function affected the sensitivity to the BRAF-

inhibitor (LGX) and the MEK inhibitor (MEK162). In a 2-dimensional (2D) assay, STK11 loss 

resulted in a significantly decreased susceptibility to LGX compared to the SCR at both 3 and 6 

days, suggesting a role for STK11 in drug resistance (Figure 1C). In contrast, no reduction in the 

sensitivity towards MEK162 was observed in the NRAS
Q61R

-mutated cell line M130425 after 

STK11-silencing (Figure 1C). A similar result was shown at 14 days, in a long-term colony 

formation assay (Figure 1D). To confirm the reduced sensitivity to LGX observed in 2D, we 
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generated 3dimensional (3D) spheroids from M990922 and WM793B cell lines (Supplementary 

Figure S1E). 

We then treated the 3D-spheroids with LGX and performed a live (green)/ dead (red) staining 

observing  a significantly higher number of dead cells in the SCR spheres compared to the 

STK11-KO cells (Figure 1E).  

To evaluate the role of STK11 in acquired drug resistance, we measured STK11 levels in five 

BRAFi-sensitive (S) cells before and after rendering them BRAFi-resistant (R) in vitro 

(Supplementary Figure S2A). As expected, STK11 was reduced in M990922-R and WM793B-R 

compared to their sensitive counterparts M990922-S and WM793B-S (Supplementary Figure 

S2B). The same result was observed in SKMEL28-R compared to SKMEL-S cells. However, a 

reduction of STK11 after LGX acquired resistance was observed in 3 out of 5 paired cell lines 

revealing that STK11 plays a role in drug resistance in a subset of BRAF-muted melanoma cells. 

Together, these data suggest that a subtype of melanoma cells profits from a STK11-loss of 

function under MAPK-inhibition. 

 

STK11 Knockout Prevents Activation of the AMPK-RAPTOR Pathway Upon BRAFi 

Treatment. 

Hyperactive MAPK-signaling in BRAF
V600E

-mutant melanoma suppresses the interaction 

between STK11 and AMPK through strong phospho-ERK1/2 signaling (Zheng et al., 2009). We 

therefore hypothesized that in STK11 expressing BRAF
V600

-mutant melanoma, the tumor 

suppressive STK11-AMPK axis is inhibited through BRAF
V600E

-signaling (Figure 2A, left). We 

hypothesized that under BRAF-inhibition, STK11 could restore its tumor suppressive function 

and induce Raptor signaling through AMPK activation (Figure 2A, middle). Finally, in STK11-
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KO cells, we expect that the activation of the AMPK-Raptor pathway upon BRAF-inhibition is 

prevented and associated with increased resistance (Figure 2A, right). 

To test this hypothesis, we treated the transgenic M990922 and WM793 constructs with LGX for 

up to 72 hours. LGX-treatment effectively reduced the phosphorylation of the BRAF
V600E

 

downstream kinase ERK1/2 (Figure 2B). Interestingly, in the SCR clones, STK11-levels 

increased upon LGX treatment confirming the role of BRAF
V600E

 in inhibiting STK11 activity 

(Figure 2B). As expected, AMPKα1 threonine 172-phosphorylation increased under LGX 

treatment, indicating increased AMPKα1 activation (Figure 2B). In contrast, AMPKα1-

activation was prevented in STK11-KO cells. Consistently, phosphorylation of the AMPKα1-

target Raptor serine 172, was induced in the SCR cells under treatment but not in STK11-KO 

cells (Figure 2B).  

To evaluate whether the inhibition of the AMPKα1-Raptor axis in STK11-KO clones could be 

reverted, we treated WM793B and M990922 STK11-KO cells with AICAR, an analog of 

adenosine monophosphate (AMP) capable of stimulating AMPK activity (Figure 2C). 

Interestingly, AMPK phosphorylation was restored in the presence of AICAR and resulted in a 

significant decrease in melanoma viability in STK11-KO clones (Figure 2C-2D). Moreover, the 

administration of AICAR increased the effectiveness of the BRAFi by significantly reducing cell 

viability in comparison to the single treatment (Figure 2E). 

 

STK11 Loss Induces Invasion of BRAF
V600E

 and NRAS
Q61R

 Melanoma Cells in vitro. 

As the loss of STK11 has been recently shown to increase metastasis in a genetically modified 

mouse KRAS-mutant model (Liu et al., 2012), we assessed the effect of STK11-loss on invasion 

in BRAF-mutated melanoma. First, we tested the ability of the STK11 clones to adhere to dermal 
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microvascular (HMEC1) and blood-brain barrier (HDMEC/D3) endothelial cells.  The adhesion 

of STK11-KO cells to the monolayer of endothelial cells, was significantly higher compared to 

SCR cells, suggesting a greater ability to invade the tumor microenvironment (Figure 3A).  

To measure the invasive abilities of STK11-KO cells, we embedded 3D-multicellular spheroids 

of the BRAF mutated transgenic cell lines into collagen I. Over 7 and 16 days, the STK11-KO 

cells displayed a significantly increased invasion, as compared to the SCR cells (Figure 3B). 

Interestingly, a similar result was observed after STK11-KO in the NRAS
Q61R

 M130425 cells, 

which displayed a significantly higher invasive phenotype compared to the M130425 SCR cells 

(Figure 3C). Notably, the treatment of spheres derived from BRAF-mutated cells with LGX, led 

to a strong reduction of collagen invasion in all the transgenic constructs (Supplementary Figure 

S3A-S3B). However, while invasion was completely prevented by LGX in the SCR cell lines, 

the STK11-KO cells showed minimal residual invasive capabilities under BRAF-inhibition 

displaying a higher invasion area compared to the SCR cells. Moreover, while spheres derived 

from SCR cells were dead after treatment with LGX, as shown by the live/dead staining 

(Supplementary Figure S3C), those derived from STK11-KO cells, not only displayed a residual 

invasive capacity, but they were also alive, thus confirming a reduced sensitivity to BRAFi-

treatment. Strikingly, STK11-overexpression in M150536, a BRAF
V600E

-mutant melanoma 

derived from brain metastasis, with low endogenous STK11-expression and a highly invasive 

phenotype, led to abrogation of invasion without affecting viability, while the spheres derived 

from the empty vector (EV) control cells strongly invaded into the collagen I matrix (Figure 3D 

and Supplementary Figure S4A-B). We therefore conclude that STK11 has an inhibitory 

function on invasion in human cutaneous melanoma cells. 
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STK11 Loss Is Associated with Increased Metastasis in Zebrafish Xenografts and in 

Human Melanoma Tumors. 

To evaluate the effects of STK11-KO in vivo, we injected M990922 and WM793B STK11-

constructs into the yolk of 2-day old zebrafish larvae, exposed them to LGX 1 day post-injection 

(dpi) and assessed the survival and metastasis formation at 6dpi. At 1dpi, melanoma cells were 

confined to the yolk of zebrafish larvae (Supplementary Figure S5A). However, at 6dpi, STK11-

KO cells strongly migrated from the yolk to other tissues showing a significantly higher number 

of zebrafish with metastasis in comparison to SCR cells (Figure 4A-4B). No difference in 

survival was observed between the xenografts, except for a higher mortality of M990922 

STK11-KO injected zebrafish (Supplementary Figure S5B). Consistent with the in vitro results 

in the presence of LGX, STK11-KO injected larvae displayed residual invading cells as shown 

by the significantly higher percentage of metastases (Figure 4A-4B and Supplementary Figure 

S5C). Interestingly, the analysis of the sites of metastasis revealed an increased occurrence of 

brain metastases in WM793B STK11-KO cells (Supplementary Figure S5D). 

As loss of function mutations of STK11 are less common in melanoma (10%) (Forbes et al., 

2011; Rowan et al., 1999), we wondered whether the expression of STK11 changes during the 

course of melanoma progression. We thus evaluated STK11 and S100-expression, a marker for 

melanoma cells (Jungbluth and Busam, 2019) in three tissue micro arrays (TMAs) derived from 

primary melanoma tumors (n=166), melanoma metastases from different non-cranial organ sites 

(n=82),  and melanoma brain metastases (N=70) (Figure 4C). In primary melanoma tumors, 

STK11 was high and heterogeneously expressed. Moreover, STK11 levels were significantly 

lower in melanoma metastases in comparison to primary melanomas, with the lowest expression 

in brain metastases (Figure 4C and 4D).  
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STK11 Loss Enhanced Activation of STAT3/5 and FAK. 

To identify the pathways involved in STK11-inactivation induced invasion and metastasis, we 

performed a phospho-kinase protein array in M990922 cells (Figure 5A). We observed a 

significantly higher activation of STAT3, STAT5a/b, and FAK in STK11-KO in comparison to 

SCR cells (Figure 5B). Moreover, the phosphorylation of these proteins was stronger in both 

BRAF and NRAS mutated STK11-KO cells (Figure 5C). Consistently, STK11 overexpression in 

M150536 cells strongly reduced phosphorylation of STAT3, STAT5a/b, and FAK 

(Supplementary Figure S6A). Furthermore, upon LGX administration p-ERK was reduced both 

in SCR and STK11-KO cells, while AMPK phosphorylation was detected only in SCR but not in 

STK11-KO cells, confirming the role of STK11 in AMPK activation. Finally, pSTAT5a/b was 

significantly higher in STK11-KO cells irrespective of the presence of the BRAFi (Figure 5D). 

 

STK11 Loss-Mediated Invasion Is Prevented by STAT3/5- and FAK-inhibition.  

We next tested the effect of STAT3/5 (C188-9 and SH-4-54) and FAK (PF-573228) inhibitors on 

viability and invasion of 3D-spheroids under increasing drug concentrations (Supplementary 

Figure S6B). Interestingly, the inhibition of STAT3/5 or FAK strongly reduced the invasive 

abilities of M990922 and WM793B STK11-KO cells without affecting melanoma viability. 

Quantification of the spheroid area revealed a significantly reduced invasion of STK11-KO 

spheres after treatment with two different STAT3/5i or a FAKi in both M990922 and WM793B 

cells (Figure 6B-D). A similar result was observed after administration of both drugs in 

combination, with an induction of cell death in the presence of the highest concentrations 

(Supplementary Figure S6C-S6D). Noteworthy, a similar result could be observed in the 
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NRASQ61R-mutant M130425 STK11-KO cells, especially after FAK inhibition (Figure 6D and 

S7A-B). We therefore conclude that STK11 loss is associated with an increased invasive 

phenotype in vitro and in vivo, which can be reverted by the inhibition of STAT3/5 and FAK in 

both BRAF and NRAS -mutated melanoma cells (Figure 6E). 
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DISCUSSION 

The role of the tumor suppressor STK11 has been frequently studied in many cancers, often in 

the context of invasion and metastasis (Marcus and Zhou, 2010; Momcilovic and Shackelford, 

2015; Zhao and Xu, 2014). Loss of STK11 has also been associated with immune evasion and 

decreased response in immune-checkpoint inhibitor therapy in lung cancer (Koyama et al., 2016; 

Skoulidis et al., 2018). However, its role in melanoma remains to be extensively investigated. 

This study highlights the role of STK11 in melanoma drug response, and invasion. The 

evaluation of drug response revealed a reduced sensitivity in two STK11-KO cell lines towards 

BRAF-inhibition, both in vitro and in vivo. The higher sensitivity of STK11 SCR cells to BRAFi, 

was associated with the activation of the STK11-AMPK-RAPTOR pathway, suggesting mTOR 

inactivation, a known marker of melanoma survival and resistance (Kozar et al., 2019; Rossi et 

al., 2019). However, these results were only observable in some cell lines, suggesting that a 

resistance-promoting effect of STK11-loss may only be true in a subset of melanoma, which 

needs to be further elucidated. 

We observed that the most dramatic difference in STK11-KO cells was increased invasiveness. 

Compared to the SCR cells, the STK11-KO cells displayed an enhanced adhesion to endothelial 

cells, and a strong invasion in a 3D-multicellular spheroid model. The same finding was 

observed also in NRAS
Q61R

-mutant melanoma cells. Consistently, STK11-KO cells were more 

invasive in an in vivo zebrafish xenograft model, showing a significantly higher percentage of 

metastases in comparison to SCR injected larvae. In contrast, STK11 overexpression reverted the 

strong invasive phenotype in melanoma spheroids with low STK11 expression. These 

observations strengthen previous findings in KRAS-mutant melanoma mouse models (Liu et al., 
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2012) and reveal that STK11-inactivation increases invasion also in a BRAF
V600E

 and 

NRAS
Q61R

-mutant background. 

While STK11 loss of function mutations are less frequent in melanoma than in other cancers 

(10% and less) (Forbes et al., 2011), non-genetic mechanisms of STK11 inactivation can take 

place, such as epigenetic inactivation, decreased expression or biological inactivation (Zhou et 

al., 2014). The evaluation of STK11 expression on melanoma TMAs revealed that STK11 was 

highly expressed in primary tumors but significantly decreased in metastases, with the lowest 

levels observed in brain metastases. This finding is consistent with previous observations in non-

small-cell lung carcinoma where an oncogenic KRAS mutation and low STK11 copy number 

was shown to be associated with brain metastasis (Zhao et al., 2014). Additionally, STK11 

deletion is frequently shown in brain metastases of different carcinomas (Sobottka et al., 2000).  

To investigate the mechanisms driving the enhanced invasion in STK11-KO cells, we performed 

a phospho-kinase array. In the STK11-KO cells we identified increased activating 

phosphorylation of STAT3 (serine727 and tyrosine705), STAT5A/B (tyrosine694/699) and FAK 

(tyrosine397).   

Increased activity of p-STAT3 upon STK11 loss or downregulation has been shown in many 

cancers: In papillary thyroid carcinoma cells STK11 was shown to inhibit STAT3-activation via 

RET/PTC-inhibition (Kim et al., 2007). In addition, STK11 directly interacted with STAT3, 

leading to the suppression of STAT3-mediated gene expression. In contrast, STK11-knockdown 

resulted in increased activation of STAT3 and cell proliferation.  In gastrointestinal cancer, loss 

of STK11 in stromal fibroblasts was associated with the induction of the IL-11/JAK/STAT3 

pathway, which resulted in fully penetrant polyposis in mice (Ollila et al., 2018). Interestingly, in 

a PJS-mouse model, the heterozygous deletion of STK11 in T cells was sufficient to promote 
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gastrointestinal polyp formation, STAT3 activation, and increased IL-6, IL-11 and CXCL2 

expression (Poffenberger et al., 2018). Moreover, STAT3 has been consistently associated with 

migration, invasion, and metastasis in many cancers including melanoma, where STAT3 

activation promoted melanoma brain metastasis in a xenograft mouse model (Kulesza et al., 

2019; Teng et al., 2014; Xie et al., 2006).  

While the regulation of STAT5A/B through STK11 has not been extensively studied, it has been 

frequently associated with metastasis in different cancers. In prostate cancer p-STAT5 Y694/699 

promoted metastatic behavior and JAK2-STAT5A/B signaling was critical for the induction of 

epithelial-mesenchymal transition (Gu et al., 2010; Talati et al., 2015). In colorectal cancer, 

STAT5 silencing induced cell cycle arrest and reduced tumor cell invasion (Xiong et al., 2009). 

In melanoma, more malignant and metastatic phenotypes were governed by the scavenger 

receptor SR-BI which in turn activated STAT5 through glycosylation (Kinslechner et al., 2018). 

Finally, the focal adhesion kinase FAK/PTK2 is another well described target of STK11, which 

has been studied in adhesion, invasion, and metastatic processes.  In lung cancer cells, STK11 

forms a complex with FAK to repress its activation, thereby inhibiting the adhesion to 

fibronectin (Kline et al., 2013). Likewise, in a lung cancer mouse model with KRAS 

hyperactivation and STK11 loss, a strong FAK activation occurred in collectively invasive cells. 

When these cells were tested in a 3D invasion model, the loss of STK11, but not P53, was 

sufficient to drive invasion, which was highly sensitive to FAK inhibition (Gilbert-Ross et al., 

2017). In aggressive uveal and cutaneous melanoma cells, FAK was phosphorylated on its key 

tyrosine residues (Y397 and Y576) and correlated with increased invasion and migration (Hess 

et al., 2005).  
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The inhibition of STAT3/5 and FAK in STK11-KO melanoma cells had no effect on 3D 

spheroid viability, but successfully reverted their invasive phenotype. These results highlight the 

prognostic role of STK11-loss in melanoma metastasis and could help for a stratification in 

which STAT3/5 and/or FAK-inhibition are beneficial in the management of STK11-loss-mutated 

metastatic cutaneous melanoma. 

 

MATERIAL AND METHODS 

Cell Culture 

Human melanoma cells were obtained from the University Research Priority Program (URPP) 

melanoma biobank Zurich according to ethics approval BASEC-Nr.2017-00494 after written, 

informed consent or from the American Type Culture Collection (ATCC) and cultured as 

described in Supplementary Material. Ethical approval to conduct the experiments described here 

was provided by the Kantonal Ethics Commission Zurich: KEK-ZH-Nr.2014-0425. 

 

Transgenic cell lines 

Transgenic knock-out cell lines of STK11 were generated with the CRISPR/Cas9 system as 

indicated in Supplementary Material. For transduction of melanoma cells, the virus-containing 

medium was added together with PEImax and polybrene (8µg/mL). GFP-positive cells were 

sorted as single cells by the FACSAria™ III fluorescence-activated cell sorter (BD Biosciences). 

 

Colorimetric Resazurin-based viability assay: 
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Cells were seeded into 96-well plates and treated 1d post-seeding with LGX818 (Selleckchem, 

Cat.no. S7108), AICAR (Selleckchem, Cat.No. S1802) and viability was assessed as indicated in 

Supplementary Material. 

 

Colony formation assay: 

100 or 500 cells/well were seeded in 12-well plates and treated with LGX. Medium was changed 

every 72h. The staining and the quantification of the number of colonies was perfomed as 

indicated in Supplementary Material.  

 

3D-multicellular spheroid assay and spheroid collagen invasion assay: 

3D-melanoma spheroids were obtained by seeding melanoma cells on previously coated agarose 

plate. The spheroids were treated for drug response assessment or embedded into a collagen I-

mixture as indicated in Supplementary Material. The spheres viability was assessed by calcein 

AM (live) (Sigma, Cat.No. 17783) and ethidium homodimer (death) stain (Sigma, Cat.No. 46043) 

as indicated in Supplementary Material. 

 

Endothelial-melanoma cell-cell adhesion assay: 

The imicrovascular endothelial cells hMEC1 and hCMEC/D3 were seeded into a 4-well chamber 

slide (Falcon, Cat.No. 354114) (25’000 cells per 1.7cm^2 chamber) and grown to 100% 

confluency (ca 4d). Melanoma cells were stained with Vybrant DiI (1 µg/mL, ThermoFisher, 

Cat.No. V22885) and incubated at 37°C with endothelial monolayers. The evaluation of adherent 

cells was performed as indicated in Supplementary Material. 
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Western Blots: 

Protein extracts were obtained by using the cell lysis buffer (NaCl 150mM, MgCl2 15mM, 

EGTA 1mM, Hepes 50mM, Glycerol 10%, Triton-X 1%) and Western Blot was performed as 

indicated in Supplementary Material. Antibodies used: STK11 (CST #3047), ERK1/2 (CST 

#4695), p-ERK1/2 T202/Y204 (CST# 4376), STAT3 (CST #9132), p-STAT3 Y705 (#9138), p-

STAT3 S727 (CST #9134), FAK (CST #3285), p-FAK Y397 (CST #3283), p-STAT5A/B 

Y699/Y694 (CST #9359S). 

 

 

Immunohistochemistry: 

The TMAs of primary melanomas were a gift from the URPP biobank Zurich, University 

Hospital Zurich, Switzerland (Mitch Levesque), while the TMA from non-cranial melanoma 

metastases was purchased from Biomax (Cat.No. BCC38218). The TMA from brain metastasis 

was described before
51

. Immunohistochemistry was performed on tissue microarrays (TMAs) by 

using as indicated in Supplementary Material. 

 

Human Phospho-Kinase Array Kit 

The Proteome Profiler Human Phospho-Kinase Array Kit (R&D systems, Cat. No. ARY003B) 

was performed as indicated by the manufacturer. The quantification of phosphorylated protein 

was performed as indicated in Supplementary Material. 

 

Zebrafish husbandry 
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Fish maintenance and handling was carried out in accordance with European and Italian law on 

animal experimentation (D.L. 4 March 2014, no. 26), under authorization no. 407/2015-PR from 

the Italian Ministry of Health (Vito et al., 2020). Zebrafish experiments were performed in 

collaboration with Professor Natascia Tiso at the zebrafish facility of the University of Padova, 

Italy.  Larvae were injected at 2 days after fertilization with melanoma cells as indicated in 

the Supplementary Materials. 

 

Statistical analysis 

All statistical analysis were performed using GraphPad Prism 5.0. P values ≤ 0.05 were 

considered significant. All experiments were performed in triplicates and error bars represent the 

mean ± S.D.  
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FIGURE LEGENDS 

Figure 1. STK11 Loss reduces sensitivity to BRAF
V600E

-Inhibitor. 

a) STK11-KO sgRNA (KO 1-3) targets on different exon on the STK11 transcript. b) Western 

Blot of SCR and STK11-KO clones. c) STK11 SCR and STK11-KO clones were seeded in 96-

well plates. 1 day later, cells were treated with LGX 10nM or MEK162 10nM and viability was 

measured by Resazurin assay 3d and 6d later. d) Colony formation assay. 3500 cells/well were 

seeded into a 24-well plate and treated with LGX 10nM. E) 4000 cells per well were seeded in 

agar-coated plates until spheres formed and treated with LGX 50nM for 3d and 6d. Live/dead 

ratios were assessed by Calcein-AM/Ethidium-homodimer staining. Scale bar = 1000µm. Data 

represent the mean ± S.D. of triplicate determinations. Two-way Anova was used for statistical 

analysis *p<0.05; **p<0.01; ***p<0.001; ****p<0.00001 

 

Figure 2. Activation of AMPK-RAPTOR Pathway Upon BRAFi is Prevented in STK11 

Knockout Cells. 

a) Model explaining the loss of the tumor suppressive function of the STK11-AMPKα axis in 

STK11-KO cells. b) WB of M990922 and WM793B under treatment with LGX 20nM. c) 

Western Blot of M990922 and WM793B with the AMPK-activator AICAR (1mM) alone or in 

combination with LGX (20nM). d and e) 2D viability assay under 6d of AICAR mono-treatment 

or in combination with LGX by Resazurin. Data represent the mean ± S.D. of triplicate 
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determinations. Two-way Anova was used for statistical analysis *p<0.05; **p<0.01; 

***p<0.001; ****p<0.00001 

 

 

Figure 3. STK11 Loss Induces Invasion of BRAF
V600E

 and NRAS
Q61R

 Melanoma Cells in 

vitro 

a) Cellular adhesion assay. Human microvascular endothelial cells hMEC1 (skin-derived) and 

hCMEC/D3 (blood-brain barrier derived) were seeded and grown to 100% confluency. 

Melanoma cells were starved for 24h, fluorescently labeled and 25’000 cells were seeded per cell 

culture chamber. After an incubation of 30min at 37°C the chambers were washed and the 

number of adhered and fluorescently labeled cells was assessed. Scale bar = 100µm. b-c) 3D 

multicellular spheroid invasion into collagen. After spheroid formation, the spheres were 

embedded into collagen and assessed for invasion at 7 and 16 days (BRAF mut) and 9 days 

(NRAS mut). Scale bar = 500µm. Data represent the mean ± S.D. of triplicate determinations. 

Two-way Anova was used for statistical analysis *p<0.05; **p<0.01; ***p<0.001 d) Calcein 

AM/Ethidium homodimer staining was used to evaluate the spheres viability. n = 15 

spheres/condition. Scale bar = 500µm. Data represent the mean ± S.D. of triplicate 

determinations. Two-way Anova was used for statistical analysis *p<0.05; **p<0.01; 

***p<0.001; ****p<0.00001 

 

Figure 4. STK11 Loss Is Associated with Increased Metastasis in Zebrafish Xenografts and 

in Melanoma Patients  
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a) M990922 and WM793B cells were injected into the yolk of 2 days post-fertilization (dpf) old 

zebrafish as a single droplet (100 µm diameter, about 100 cells/embryo). Scale bar = 500µm. b) 

The numbers of zebrafish with metastases was assessed at 6 dpf by a blind investigator. Data 

represents the mean ± S.D. of triplicate determinations. Two-way Anova was used for statistical 

analysis *p<0.05; **p<0.01; ***p<0.001; ****p<0.00001 c) Immunohistochemical stainings for 

S100 and STK11 were performed on two tissue micro arrays (TMA) of human primary 

melanoma tumors (N=166), of non-cranial (N=82) and on brain metastases (N=70). Scale bar = 

300µm. d) Quantification of melanoma STK11+ cells was performed by QuPath. The average of 

10 areas was calculated and normalized to S100. One-way Anova was used for statistical 

analysis *p<0.05; **p<0.01; ***p<0.001; ****p<0.00001 

 

Figure 5. STK11 Loss Enhanced Activation of STAT3/5 and FAK 

a) A human phospho-kinase array was performed on M990922 SCR and STK11-KO at 24h both 

under vehicle (DMSO) and LGX 20nM treatment. b) Comparative analysis of the vehicle treated 

cells. One-way Anova was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001 c) 

Confirmation of differential STAT3/5- and FAK-phosphorylation by WB in both BRAF and 

NRAS cells. d) Comparative analysis of vehicle treated cells with LGX-treated cells. Two-way 

Anova was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001 

 

Figure 6. STK11 Loss-Mediated Invasion Is Prevented by STAT3/5- and FAK-inhibition 

a) Collagen-embedded spheroids were treated with STAT3/5 (SH-45-4 and C188-9) and FAK 

(PF-573228) -inhibitors at 5µM for M990922 and at 20µM (SH-45-a) and 10 µM (PF-573228) 

for WM793B. Scale bar = 500µm. b) 3 spheres/condition were used to calculate the area of 
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invasion. Two-way Anova was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001 c) 

Pooled analysis of M990922 and WM793 confirmed the suppressive effects of STAT3/5- and 

FAK-inhibitors (STAT3/5i and FAKi) on invasion. d) M130425 STK11 KO spheroids were 

treated with STAT3/5 (C188-9) and FAK (PF-573228) –inhibitors at 10 µM. 6 spheres/condition 

were used to calculate the area of invasion. Scale bar = 500µm. e) Graphical conclusion. STK11 

knockout leads to a STAT3/5 and FAK-dependent increase of invasion that can be targeted, 

using STAT3/5i and FAKi. 
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SUPPLEMENTARY MATERIAL AND METHODS 

 

Material and methods 

Human primary melanoma cells were obtained from the URPP melanoma biobank Zurich 

(Mitchell.Levesque@usz.ch) or from the American Type Culture Collection (ATCC, 

https://www.lgcstandards-atcc.org/). M990922, M150536 (URPP biobank) and WM793B 

(ATCC) carried activating BRAFV600E-mutations and M130425 (URPP Biobank) carried 

activating NRASQ61R-mutations. Human melanoma cells were cultured in RPMI 1640 medium 

(Sigma, Cat.No. R0883-500ML) supplemented with heat-inactivated FBS (10%, Pan Biotech, 

Cat.No. P30-1902, Lot.No. P160605), L-Glutamine (2mM, Gibco, Cat.No. 25030-024), Sodium-

Pyruvate (1 mM, Sigma, Cat.No. S8636) and Normocin-Antimicrobial reagent (1x, InvivoGen, 

Cat.No. ant-nr-1) in a cell culture incubator (37°C, 5% CO2, 95% relative Humidity). The 

HEK293T cells (ATCC, Cat. No. CRL-3216) were cultured in DMEM with L-Glutamine and 

Pyruvate (Gibco, Cat.No. 41966-029) supplemented with heat-inactivated FBS (10%, Pan 

Biotech, Cat.No. P30-1902, Lot.No. P160605) and Pen-Strep (1%, Sigma, Cat.No. P4333-

100ML) The immortalized microvascular endothelial cell lines hMEC1 (ATCC, Cat.No. CRL-

3243) and hCMEC/D3 (Millipore, Cat.No. SCC066) were cultured in EndoGro MV complete 

medium adapted for human microvascular endothelial cells (Millipore, Cat.No. SCME004) and 

substituted with fibroblast growth-factor basic protein (bFGF) (1ng/mL, Millipore, Cat.No. 

GF003).  Passaging: Cells were detached by removing the cell culture medium, washing with 

PBS ph7.4 (Gibco, Cat.No. 100010-015) followed by incubation with 0.05% Trypsin-EDTA 

(Gibco, Cat.No. 25300-054) in the recommended amount for the used cell culture dish (37°C, 1-

3min). The trypsin was blocked with the appropriate serum-containing cell culture medium. 
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Transgenic cell lines 

Expression plasmid creation: 

Knockout: To create transgenic knock-out cell lines of STK11, the Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated protein-9 nuclease 

(CRISPR/Cas9) system was used. We used the LentiCRISPRv2GFP (provided by David Feldser 

(Walter et al., 2017), Addgene plasmid #82416) and followed the Zhang lab protocol(Shalem et 

al., 2014) for the single guide RNA (sgRNA) insertion into the LentiCRISPRv2GFP-plasmid. 

We used the following sequences for our sgRNAs that have been identified using the sgRNA 

design tool CHOPCHOP (https://chopchop.cbu.uib.no)(CHOPCHOP v3: expanding the CRISPR 

web toolbox beyond genome editing | Nucleic Acids Research | Oxford Academic, n.d.):  

STK11 sgRNA1 (KO1) targeting STK11 exon 6 (GGGTCTGTACCCCTTCGAAG), STK11 

sgRNA2 (KO2) targeting STK11 exon 5 (AGGCCGTTGGCAATCTCGGG), STK11 sgRNA3 

(KO3) targeting STK11 exon 3 (GCTCATCGGCAAGTACCTGA), and a non-targeting 

scrambled sequence (SCR) sgRNA (GAACAGTCGCGTTTGCGACT). The process of the virus 

production and cell transduction will be described separately below. 

Overexpression: We used the pMuLE system from Ian J Frew et al. (Albers et al., 2015) for the 

creation of our overexpression plasmids. For the STK11 overexpression (STK11 oe) plasmid, the 

pMuLE ENTR CMV mCherry L1-R5 plasmid (all pMuLE plasmids were kindly provided by Ian 

J Frew, Addgene plasmid #62148) was digested with KpnI and SalI. Using NEBuilder HiFi 

DNA Assembly Master Mix (NEB, Cat.No. E2621) according to protocol the open-reading 

frame (ORF) of STK11 including vector backbone ligation arms was inserted (sequence 

including ligation arms in italic: 
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AGGGAGACCCAAGCTTGGTACCGGCACCATGGAGGTGGTGGACCCGCAGCAGCTGGG

CATGTTCACGGAGGGCGAGCTGATGTCGGTGGGTATGGACACGTTCATCCACCGCAT

CGACTCCACCGAGGTCATCTACCAGCCGCGCCGCAAGCGGGCCAAGCTCATCGGCA

AGTACCTGATGGGGGACCTGCTGGGGGAAGGCTCTTACGGCAAGGTGAAGGAGGTG

CTGGACTCGGAGACGCTGTGCAGGAGGGCCGTCAAGATCCTCAAGAAGAAGAAGTT

GCGAAGGATCCCCAACGGGGAGGCCAACGTGAAGAAGGAAATTCAACTACTGAGG

AGGTTACGGCACAAAAATGTCATCCAGCTGGTGGATGTGTTATACAACGAAGAGAA

GCAGAAAATGTATATGGTGATGGAGTACTGCGTGTGTGGCATGCAGGAAATGCTGG

ACAGCGTGCCGGAGAAGCGTTTCCCAGTGTGCCAGGCCCACGGGTACTTCTGTCAGC

TGATTGACGGCCTGGAGTACCTGCATAGCCAGGGCATTGTGCACAAGGACATCAAG

CCGGGGAACCTGCTGCTCACCACCGGTGGCACCCTCAAAATCTCCGACCTGGGCGTG

GCCGAGGCACTGCACCCGTTCGCGGCGGACGACACCTGCCGGACCAGCCAGGGCTC

CCCGGCTTTCCAGCCGCCCGAGATTGCCAACGGCCTGGACACCTTCTCCGGCTTCAA

GGTGGACATCTGGTCGGCTGGGGTCACCCTCTACAACATCACCACGGGTCTGTACCC

CTTCGAAGGGGACAACATCTACAAGTTGTTTGAGAACATCGGGAAGGGGAGCTACG

CCATCCCGGGCGACTGTGGCCCCCCGCTCTCTGACCTGCTGAAAGGGATGCTTGAGT

ACGAACCGGCCAAGAGGTTCTCCATCCGGCAGATCCGGCAGCACAGCTGGTTCCGG

AAGAAACATCCTCCGGCTGAAGCACCAGTGCCCATCCCACCGAGCCCAGACACCAA

GGACCGGTGGCGCAGCATGACTGTGGTGCCGTACTTGGAGGACCTGCACGGCGCGG

ACGAGGACGAGGACCTCTTCGACATCGAGGATGACATCATCTACACTCAGGACTTC

ACGGTGCCCGGACAGGTCCCAGAAGAGGAGGCCAGTCACAATGGACAGCGCCGGG

GCCTCCCCAAGGCCGTGTGTATGAACGGCACAGAGGCGGCGCAGCTGAGCACCAAA

TCCAGGGCGGAGGGCCGGGCCCCCAACCCTGCCCGCAAGGCCTGCTCCGCCAGCAG
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CAAGATCCGCCGGCTGTCGGCCTGCAAGCAGCAGTAAGTCGACAATCCTCGAGCATG

C, ordered at IDT, custom sequence). The obtained CMV-STK11oe plasmid was recombined 

into the pMuLE Lenti Dest eGFP (Addgene plasmid #62175) together with pMuLE ENTR MCS 

L5-L2 (Addgene plasmid #62085) using the LR Clonase™ II Plus enzyme (ThermoFisher, 

Cat.No. 12538120) according to protocol. 

For the empty vector (EV) plasmid, the two plasmids pMuLE ENTR MCS L1-R5 (Addgene 

plasmid #62084) and pMuLE ENTR MCS L5-L2 (Addgene plasmid #62085) were recombined 

into the pMuLE Lenti Dest eGFP (Addgene plasmid #62175). 

 

 

Lentivirus production and cell transduction: 

To produce the lentivirus necessary for the creation of the transgenic cell lines, 3.5*10^6 

HEK293T cells were seeded into a 10cm dish for transfection with the viral plasmids. After 24h, 

each of the altered LentiCRISPRv2GFP expression plasmid now containing STK11 sgRNA 1, 2 

or 3 or SCR sgRNA (4µg) was mixed with the packaging plasmid psPAX2 (2µg, provided by 

Didier Trono, Addgene plasmid #12260) and the envelope plasmid pMD2.G (1µg, provided by 

Didier Trono, Addgene plasmid #12259) and PEImax (21µg, Polysciences, Cat.No. 24765) in 1 

mL of serum-free DMEM (Gibco, Cat.No. 11960-044) and incubated for 15 minutes at RT. The 

DNA/PEImax mixture was then added dropwise to the HEK293T cells. 24h post-transfection the 

medium was exchanged with 20mL HEK293T cell culture medium. This virus-containing 

medium was collected after 48h and sterile filtered using a 0.2 µm sterile filter to remove any 

residual HEK293T cells. For transduction, 100µL of the virus-containing medium were added 
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together with polybrene (8µg/mL) to the requested cells that were 80% confluent in a 6-well. 

GFP-positive cells were sorted as single cells into a 96-well plate by the FACSAria™ III 

fluorescence-activated cell sorter (BD Biosciences), raised and assessed for successful knock-out. 

Cellular Assays 

Colorimetric Resazurin-based viability assay: 

Cells were seeded into 96-well plates and treated 1d post-seeding for 72h and/or 144h with 

LGX818 (Selleckchem, Cat.no. S7108), AICAR (Selleckchem, Cat.No. S1802) or the 

combination thereof in the stated concentrations. Triplicates were seeded for each condition. For 

the IC50-evaluation against LGX818, different wells were treated with ascending concentrations 

of the drug. At the day of assessment, the medium was exchanged with cell-culture medium 

containing Resazurin sodium salt (0.015mg/mL, Sigma-Aldrich, Cat.No. R7017) and incubated 

for 1.5h (37°C). The amount of metabolized fluorescent resorufin, which correlates with the 

amount of living cells was read at 535nm excitation and 595 emission. 

Colony formation assay: 

Cells were seeded in 12-well plates and treated with LGX for the indicated duration. Medium 

was changed every 72h. To assess the colonies the cells were fixed and stained with a filtered 

crystal violet solution (Crystal violet 0.05%w/v, Formaldehyde 1%, Methanol 1%, in PBS) for 

20min at room temperature and washed with water. The plates were air-dried, scanned and 

analyzed using the ImageJ plug-in ColonyArea as previously described (Guzmán et al., 2014). 

3D-multicellular spheroid assay and spheroid collagen invasion assay: 

To inhibit the cells from adhering to the bottom of the cell culture dish, but form 3D-

multicellular spheroids instead, 96-well plates had to be precoated by incubating 50 µL per well 

of 1.5%w/v noble agar (Difco, Cat.No. 5308689) solubilized in base RPMI (Sigma, Cat.No. 

Jo
urn

al 
Pre-

pro
of



6 

 

 

R0883) for 1h at room-temperature and under ultraviolet iradiation. Per well 4000 cells were 

seeded and incubated at 37°C until they formed compact spheroids (3-4 days).  

The formed spheroids were either treated directly for drug response assessment or embedded into 

60 µL of a collagen I-mixture in a novel noble-agar precoated 96-well, to evaluate collagen-

invasion capabilities with or without treatment. In any case, the medium (with or without 

treatment) was exchanged every 72h. The collagen I-mixture consisted of 2.3 mL type I rat tail 

collagen (Corning, Cat.No. 354236) adjusted to 3.3 mg/mL with 0.02N acetic acid, 570 µL 

DMEM (Gibco, Cat.No. 11960-044), 25 µL L-Glutamine (Gibco, Cat.No. 25030-024), 30 µL 

FCS (company, Cat.No.) and 60 µL of 7.5% Sodium-Bicarbonate in PBS.  To avoid preliminary 

polymerization, the collagen-mix was never prepared in larger amounts and always on ice. The 

spheroids were photographed over a period of 12-14d. The spheroids were photographed over a 

period of 12-14d. Live/dead fluorescent staining was performed with a staining solution of 

serum-free RPMI with 8 µM calcein AM (live) (Sigma, Cat.No. 17783) and 10 µM ethidium 

homodimer (death) (Sigma, Cat.No. 46043). The spheres were assessed by 8 µM calcein AM 

(live) (Sigma, Cat.No. 17783) and 10 µM ethidium homodimer (death) stain (Sigma, Cat.No. 

46043). 

Collagen-adhesion assay: 

Prior to the adhesion assays the melanoma cell lines were starved with RPMI complete with 1% 

FCS overnight. On the day of the assay, 96-well plates were coated with rat-tail collagen type 1 

(100 µg/mL) diluted in PBS and incubated at 37°C for 1h. The plates were then washed with 

PBS and blocked with blocking buffer (serum-free DMEM (Gibco, Cat.No. 11960-044) with 

0.5% BSA (Sigma, Cat.No. A7906), to block any remaining plastic at 37°C for at least 60min. 

After removal of the blocking buffer, 20’000 cells in 100 µL serum-free cell culture medium 
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were added to each well and incubated for the indicated time. Non-adherent cells were removed 

by washing three times with PBS. The cells were then fixed and stained with a filtered crystal 

violet solution (Crystal violet 0.05%w/v, Formaldehyde 1%, Methanol 1%, in PBS) for 20min at 

room temperature and washed three times with water. After air-drying of the plates, the crystal 

violet was solubilized through incubation with 100 µL SDS 2% (20% stock from Rockland, 

Cat.No. MB-046-1000) per well at room temperature for 30min while shaking. The absorbance 

was read at 550nm  

Endothelial-cell adhesion assay: 

The immortalized microvascular endothelial cells hMEC1 and hCMEC/D3 were seeded into a 

corning 4-well chamber slide (Falcon, Cat.No. 354114) (25’000 cells per 1.7cm^2 chamber) and 

grown to 100% confluency (ca 4d). Prior to the adhesion assays the melanoma cell lines were 

starved with RPMI complete with 1% FCS overnight. On the day of the assay, the cells were 

detached with trypsin, resuspended in serum-containing medium, washed with PBS and stained 

with the fluorescent dye Vybrant DiI (1 µg/mL, ThermoFisher, Cat.No. V22885) in serum-free 

RPMI for 30min at 37°C. The stained cells were then centrifuged, washed, seeded into the 

chambers (50’000 cells per 1.7cm^2 chamber) in serum-free RPMI and incubated at 37°C for the 

indicated amount of time. The slides were then washed three times with PBS and fixed with 4% 

formaldehyde for 20 min at room-temperature. The chambers were then removed and the slides 

covered with glycerol 50% v/v in PBS and a cover slip. Per well, 5 pictures were taken at 20x, 

and the fluorescent cells were counted. 

 

 

Immunostainings 
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Immunoblot: Cells were detached by trypsin, resuspended in serum-containing cell culture 

medium, washed with cold PBS and lysed by snap-freezing at -80°C for 30min in cell lysis 

buffer. The cell lysis buffer contained the following components: NaCl 150mM, MgCl2 15mM, 

EGTA 1mM, Hepes 50mM, Glycerol 10%, Triton-X 1% solved in ddH2O and the pH adjusted 

to 7.5. The buffer was supplemented with the phosphatase inhibitor cocktail PhosSTOP 

EASYpack (1 tablet per 10mL, Roche, Cat.No 05892970001) and protease inhibitor cOmplete 

ULTRA Tablets (1 tablet per 10mL, Roche, Cat.No 04906845001).  The remaining cell debris 

was centrifuged (4°C, 21’000 rcf, 15min) and the protein-containing supernatant was collected 

and standardized to equal amounts. We used the following antibodies for immunoblots, some of 

which were also used for immunohistochemical stains if not stated otherwise: STK11 (CST 

#3047), ERK1/2 (CST #4695), p-ERK1/2 T202/Y204 (CST# 4376), STAT3 (CST #9132), p-

STAT3 Y705 (#9138), p-STAT3 S727 (CST #9134), FAK (CST #3285), p-FAK Y397 (CST 

#3283), p-STAT5A/B Y699/Y694 (CST #9359S) For immunohistochemical stainings, the cool 

IHC machine was used! We used Dako Target Retrieval Solution pH9 for all stainings. The 

following antibodies were used specifically for IHC:  STK11 (SantaCdruz, Cat.No. sc-374334), 

S100 (Novocastra, Cat.No. NCL-L-S100).  

The TMAs with melanoma primary tumors (TMA18 and TMA19) were a gift from the URPP 

biobank Zurich, University Hospital Zurich, Switzerland (Mitch Levesque). The TMA with 

melanoma metastases from different origins was purchased from Biomax (Cat.No. BCC38218). 

The brain metastasis TMA was a gift from Ruth Lyck, University of Bern, Switzerland. TMA 

analysis was performed with QuPath, closely following the “QuPath TMA CD3 analysis” 

manual on github (https://github.com/qupath/qupath/wiki/TMA-CD3-analysis). 
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Human Phospho-Kinase Array Kit 

The Proteome Profiler Human Phospho-Kinase Array Kit (R&D systems, Cat. No. ARY003B) 

was used. 2.5 Mio cells were seeded into a T175 flask and treated with LGX (20nM) or DMSO 

48h after seeding for another 24h. Per condition, 5.0 Mio cells were lysed in 0.5mL of the kit 

lysis buffer. The protein was lysed, and each sample was adjusted to 600ng before following the 

kit instruction. The exposed blots were analyzed using ImageJ by measuring and averaging each 

dot. A two-tailed Student’s T-test was performed by analyzing different exposure times of the 

same membranes. 

Zebrafish husbandry 

Zebrafish xenograft experiments were performed in collaboration with Professor Natascia Tiso at 

the zebrafish facility of the University of Padova, Italy. Zebrafish strains were maintained 

according to standard procedures (Westerfield, 2000).  

 

Zebrafish xenografts 

For the injection, the cells were detached with trypsin, resuspended in serum-containing cell 

culture medium, washed with PBS and stained with the fluorescent dye Vybrant DiI (1 µg/mL, 

ThermoFisher, Cat.No. V22885) in serum-free RPMI for 30 min at 37°C. The stained cells were 

then centrifuged, washed with PBS and resuspended in serum-free RPMI at a concentration of 

1x10^6 cells per 10 µL. The cells were injected into zebrafish embryos at 2 days post-

fertilization (dpf). Immediately before xenografting the cells, the embryos were anesthetized 

with a solution of tricaine (160 mg/L; Sigma-Aldrich, Cat. No. A5040), embedded in 2% (w/v) 

methylcellulose (Sigma-Aldrich, Cat.No. A9414) in fish water (150 mg/L Instant Ocean, 6.9 
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mg/L NaH2PO4, 12.5 mg/L Na2HPO4, pH 7.2) and mounted on a custom-made multi-lane 

plastic support. The cells were injected into the yolk as a single droplet (100 µm diameter, about 

100 cells/embryo), using a WPI microinjector. At 1-day post injection (dpi), the fish were 

assessed for successful yolk-injection and kept in fish water with  either DMSO or the BRAFi 

LGX818 at 10 nM until 6dpi. The cells were then fixed and assessed for fluorescent-positive 

metastasis formation under fluorescence microscopy (Leica M165 FC microscope with 

DFC7000T camera).  
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SUPPLEMENTARY FIGURES AND LEGENDS 

Figure S1 Evaluation of STK11 constructs viability.  

a) Transgenic cell line generation. For all cell cultures, a monoclonal cell line was created. These 

cell lines were transduced with SCR (non-targeting sgRNA), STK11-KO1, STK11-KO2 and 

STK11-KO3 sgRNA/Cas9 constructs. For each cell line, one SCR and two KO-clones were 

amplified. b) and c) MTT assay of STK11 SCR vs STK11-KO. Data represent the mean ± S.D. 

of triplicate determinations. Two-way Anova was used for statistical analysis *p<0.05; **p<0.01; 

***p<0.001; ****p<0.00001 d) 2000 cells (M990922) and 3000 cells (WM793B and M130425) 

were seeded in 96-well plates and 2D MTT viability assay was performed over time e) 3D 

multicellular cells successfully formed 4d after seeding 4000 cells per well into an agarose 

coated 96 well plate. Scale bar = 500µm. 

 

Figure S2 Evaluation of STK11 expression upon BRAF- inhibition.  

a) IC50-values of the BRAFi-sensitive melanoma cells and their matched BRAFi-resistant 

counterparts. b) Western Blot (left) with densitometry (right) of BRAFi-sensitive (S) cell lines 

and their matched BRAFi-resistant (R) counterparts after continuously exposing them to LGX 

(100nM).  

 

Figure S3 Evaluation of sensitivity to BRAFi in SCR vs STK11-KO melanoma cells in 3D 

models.  
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a) Collagen-embedded spheroids were treated with LGX 50nM for 7d and 16d. Scale bar = 

500µm. b) 3 spheres/condition were used to calculate the area of invasion. Two-way Anova was 

used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001 c) 3D spheres were treated with 

LGX for 16d and viability was evaluated by Calcein-AM/Ethidium homodimer staining. Scale 

bar = 1000µm. Live/dead ratio was quantified with Photoshop. 6 spheres/condition were 

quantified. Two-way Anova was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001, 

****p<0.00001 

 

Figure S4 STK11 is inversely correlated with invasion.  

a) WB of M150536 EV compared to STK11oe. b) Brightfield images of representative collagen 

embedded M150536 EV spheroids versus M150536 STK11oe spheroids after 6d. Scale bar = 

500µm. 

 

Figure S5 Evaluation of metastasis formation in SCR vs STK11-KO injected zebrafish 

larvae. 

a) The yolk of 2d old Zebrafish larvae was injected with human melanoma cell lines and 

assessed on the next day (1dpi) for successful injection, before treatment start. Scale bar = 

1000µm. b) The survival of the embryos under vehicle and LGX treatment, was assessed until 6d. 

c) and d) At 6d post-transplantation under vehicle and LGX treatment, the injected fish were 

assessed for fluorescently labeled metastases outside the yolk for both, M990922 and WM793B 

by a blind investigator. d) Evaluation of brain metastasis in SCR and STK11-KO injected 

zebrafish 
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Figure S6 The overexpression of STK11 or the treatment with STAT3/5i and/or FAKi 

reverts the invasive phenotype of STK11-KO spheres.  

a) WB of STAT3, STAT5a/b- and FAK-phosphorylation in M150536 EV compared to STK11 

oe. b-c) M990922 and WM793B were treated with increasing concentrations of STAT3/5 (SH-

45-4 and C188-9) and FAK (PF-573228) –inhibitors alone or in combination. After 16d the 

viability of the spheres was assessed by Calcein-AM/Ethidium homodimer staining. Scale bar = 

1000µm (b) and 750µm (c). d) 6 spheres per condition were used to calculate the area of 

invasion. Two-way Anova was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.00001 

 

Figure S7 Treatment with STAT3/5i and/or FAKi reverts the invasive phenotype of 

STK11-KO spheres in NRAS STK11-KO.  

a) M130425 STK11-KO spheroids were treated with increasing concentrations of STAT3/5 

(C188-9) and FAK (PF-573228) –inhibitors alone or in combination. After 9 days the viability of 

the spheres was assessed by Calcein-AM/Ethidium homodimer staining. Scale bar = 500µm. b) 6 

spheres/condition were used to calculate the area of invasion. Two-way Anova was used for 

statistical analysis. *p<0.05; **p<0.01   
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