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Abstract 
 
BRAF V600E is the most common driver mutation in human cutaneous melanoma and is 
frequently accompanied by loss of the tumor suppressing phosphatase PTEN. Recent 
evidence suggests a co-operative role for RAC1 activity in BRAF V600E -driven melanoma 
progression and drug resistance. However, the underlying molecular mechanisms and the role 
of RAC1 downstream targets are not well explored. Here, we examine the role of the 
NCKAP1 subunit of the pentameric cytoskeletal SCAR/WAVE complex, a major 
downstream target of RAC1, in a mouse model of melanoma driven by BRAF V600E; PTEN 
loss. The SCAR/WAVE complex is the major driver of lamellipodia formation and cell 
migration downstream of RAC1 and depends on NCKAP1 for its integrity. Targeted deletion 
of Nckap1 in the melanocyte lineage delayed tumor onset and progression of a mutant Braf ; 
Pten loss driven melanoma mouse model. Nckap1 depleted tumors displayed fibrotic stroma 
with increased collagen deposition concomitant with enhanced immune infiltration. Nckap1 
loss slowed proliferation and tumor growth, highlighting a role in cell cycle progression. 
Altogether, we propose that NCKAP1-orchestrated actin polymerization is essential for tumor 
progression and maintenance of tumor tissue integrity in a mutant Braf ; Pten loss driven 
mouse model for melanoma. 
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INTRODUCTION 
 
Metastatic cutaneous melanoma remains a major health problem, even though insights into 
the genetic drivers have increased dramatically over the past decade, increasing therapeutic 
options (Merlino et al., 2016). BRAF is a serine/threonine kinase that mainly acts through the 
MAPK pathway. Activating mutations in the BRAF gene, including BRAF V600E, are major 
drivers of cutaneous melanoma and targeted therapies, such as vermurafenib, have allowed 
suppression of oncogenic signaling improving therapeutic outcomes. In addition, 
immunotherapies, such as anti-PD1 or anti-CTLA-4 monoclonal antibodies can reprogramme 
the immune system against tumors. These advancements have improved options for patients 
with metastatic melanoma and in some cases have resulted in major increases of 5-year 
survival rates (recently reviewed in Gellrich et al., 2020). However, tumor heterogeneity and 
emergence of resistance during treatment imposes a need for better understanding the 
underlying mechanisms of cutaneous melanoma progression (Gellrich et al., 2020). 
Preclinical mouse models mimic common human oncogene/tumor suppressor combinations 
and recapitulate disease progression well (Perez-Guijarro et al., 2017). In mice, expression of 
BRAFV600E from the endogenous locus, in the melanocytic lineage using Tyrosinase promoter 
driven Cre (Tyr::Cre), drives naevi formation and dermal expansion of melanocytes (Dhomen 
et al., 2009). Combination of this mutation with deletion of the tumor suppressor Pten, a 
genetic event that co-occurs with BRAFV600E mutation in a significant proportion of human 
melanomas, led to aggressive disease in mice (Dankort et al., 2009). 
 
Less frequent mutations can contribute to melanoma progression and may be prognostic. A 
recent analysis from the Cancer Genome Atlas Project identified four genes with potential 
prognostic significance in melanoma (RAC1, FGFR1, CARD11 and CIITA) (Zhao et al., 
2018). Of these, RAC1 mutations were known to occur in a subset of around 8-10% of sun-
exposed melanomas with the most common being a proline to serine P29S mutation 
(Halaban, 2015). RAC1 encodes for a small GTPase which is a major regulator of actin 
cytoskeleton dynamics and RAC1P29S is a more active variant (reviewed in (Li and Machesky, 
2013).  RAC1P29S may also drive resistance to BRAF inhibition and alter cell surface 
expression of PD1, conferring enhanced survival during treatment (Watson et al., 2014).  
RAC1P29S expression in a mouse model can drive transcriptional reprogramming via the actin-
responsive serum response factor SRF or the RAC1-binding kinase PAK (Lionarons et al., 
2019). However, the involvement of the SCAR/WAVE, a major cytoskeletal effector of 
RAC1 activity, has not been explored in this context. The SCAR/WAVE complex consists of 
five components, including the proteins NCKAP1, CYFIP1, ABI1, SCAR/WAVE2, 
HSPC300 and their isoforms (Pollitt and Insall, 2009). The different subunits of the 
SCAR/WAVE complex function together and protein levels are interdependent to different 
degrees, with CYFIP1 and NCKAP1 being core subunits (Ibarra et al., 2006, Steffen et al., 
2004, Tang et al., 2013). The SCAR/WAVE complex drives remodelling of the actin 
cytoskeleton in response to activation of RAC1, promoting cell migration and uptake of 
nutrients from the microenvironment via macropinocytosis or phagocytosis (Stradal et al., 
2004) (Steffen et al., 2004)). 
 
Regardless of the RAC1 mutational status, loss of PTEN enhances PI-3-kinase signaling, 
leading to a positive feedback loop for activation of RAC1 (Chalhoub and Baker, 2009). The 
SCAR/WAVE complex is a well-established direct target of RAC1 activation (Chen et al., 
2017). Therefore, RAC1 activation likely drives activity of SCAR/WAVE complex during 
melanoma progression. We deleted the gene coding for the NCKAP1 subunit in 
BRAFV600E/PTEN loss-driven melanomas in mice to explore a role in melanoma progression. 
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Loss of Nckap1 reduced tumor burden and increased survival to endpoint (tumor size limit), 
arguing that the SCAR/WAVE complex is an essential downstream target during the 
progression of BRAF/PTEN-mediated melanomas. NCKAP1 deletion led to several 
interesting features in melanomas, including increased tumor fibrosis and enhanced 
infiltration by several immune cell types. Taken together, our data suggest an important role 
of the SCAR/WAVE complex in melanoma progression driven by BRAFV600E mutation and 
PTEN loss. 
 
RESULTS 
 
Loss of the RAC1 target NCKAP1 delayed the onset and development of melanoma. 
 
We previously demonstrated an essential role of RAC1 in Tyr::NrasQ61K driven melanoma 
and melanocytic dermal expansion (Li et al., 2012). However, the role of RAC1 downstream 
effectors such as the SCAR/WAVE complex are largely unknown. Therefore, we generated a 
mouse model with conditional deletion of Nckap1 (Figure S1A, Methods). We crossed 
Nckap1f/f conditional mice with an established malignant melanoma mouse model, 
Tyr::CreERT2+;BrafV600E+;Ptenwt/f (Dankort et al., 2009, Dhomen et al., 2009, Suzuki et al., 
2001), to assess the role of NCKAP1 in melanoma progression (Figure S1B). 
 
Mice carrying the genotype Tyr::CreERT2+;BrafV600E+;Ptenwt/f;Nckap1wt/wt and 
Tyr::CreERT2+;BrafV600E+;Ptenwt/f;Nckap1f/f , hereafter referred as Nckap1wt/wt and Nckap1f/f 
mice, were induced by skin painting (Methods and Table S1), leading to BrafV600E expression 
together with loss of Pten (heterozygous) and Nckap1 (homozygous) alleles in the 
melanocytic lineage (Figure S1B-D). Nckap1wt/wt mice developed primary melanoma with a 
similar penetrance and latency to that previously described for this model (Dankort et al., 
2009) and therefore were used as littermate controls. Both Nckap1f/f and Nckap1wt/wt mice 
developed naevi (e.g. clusters of pigmented dermal melanocytes) and tumors (e.g. larger 
clusters that became a mix of pigmented and unpigmented and penetrated deeper into the 
dermis) (Figure 1A-B), which were allowed to grow until the largest reached 1.2 cm in 
diameter. The number of tumors in Nckap1f/f mice (average 1.71±0.25 tumors/mouse: n=16 
mice; p<0.0001) was reduced compared to Nckap1wt/wt mice (average 6.75±0.9 tumors/mouse: 
n=14 mice) (Figure 1C). Tumor burden at endpoint was also reduced in Nckap1f/f (n=16 
mice; 662.6±84.4 mm3; p<0.01) compared to Nckap1wt/wt mice (n=14 mice; 1260±133 mm3) 
(Figure 1D). Tumors from Nckap1wt/wt and Nckap1f/f mice displayed similar morphology 
(Figure 1E-F). Thus, Nckap1 is important for initiation of melanoma tumours and tumour 
growth in this model. 
 
Loss of Nckap1 delayed tumor growth 
 
Since the tumours showed delayed growth in the absence of NCKAP1, we examined the 
tumour growth kinetics. Nckap1f/f tumors (mean±SEM; 2.34±0.7, n=5 mice) showed a 
significantly (P<0.05) lower percentage of BrdU positive nuclei per mm2 compared to 
Nckap1wt/wt tumors (mean±SEM; 5.18±0.7, n=5 mice) (Figure 2A-B). This was not likely due 
to a failure to enter the cell cycle, as the %Ki67 positive nuclei per mm2 in Nckap1f/f 
(mean±SEM; 25.18±1.78: n=7 mice) was similar to Nckap1wt/wt (mean±SEM; 26.71±2.74, 
n=5 mice) tumors (Figure 2C-D). However, there was a significant reduction (P <0.01) in 
cyclin D1 positive nuclei/mm2 in Nckap1f/f (mean±SEM; 15.02 ±3.23, n=8 mice) compared 
with Nckap1wt/wt (mean±SEM; 38.95 ± 6.00, n=8 mice) (Figure 2E-F), indicating a delay in 
G1 cell cycle progression. In agreement with the histological data showing reduced tumour 
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growth, the average size of Nckap1wt/wt and Nckap1f/f tumors from the day of first appearance 
was also reduced in Nckap1f/f (Figure 2G and Table S2). Tumors from Nckap1f/f (n=7 mice) 
expanded more slowly compared to Nckap1wt/wt (n=7 mice). Average tumor size in Nckap1f/f 
mice was 46.75 ± 9.18 mm3 which is significantly smaller than the average tumor size of 
164.1 ± 15.04 mm3 (P< 0.0001) in Nckap1wt/wt at day 14; 62.07 ± 18.11 mm3 in Nckap1f/f and 
326.6 ± 45.55 mm3 (P< 0.001)in Nckap1wt/wt at day 21; 146.1 ± 30.08 mm3 in Nckap1f/f and 
569.5 ± 70.32 mm3 (P< 0.0001) in Nckap1wt/wt at day 28. Thus, loss of Nckap1 slowed cancer 
cell cycle progression and proliferation of melanomas, leading to fewer and smaller lesions in 
mice. This phenotype is reminiscent of the role of RAC1 downstream of NRAS in another 
model of melanoma driven by mutation of the oncogene NRasQ61K and loss of the tumour 
suppressor Ink4a-/- (Ackermann et al., 2005 and Li et al., 2012a). This suggests that the 
SCAR/WAVE complex may be important for cell cycle progression downstream of RAC1 in 
melanoma.  
 
Loss of Nckap1 delayed melanocyte dermal expansion, nevus appearance and tumor 
onset 
 
We next explored the various stages of melanoma progression to gain more insight into 
signaling mechanisms that might be contributing to the slow tumour onset and growth in 
Nckap1 deleted tumors. Specifically, there was a significant (P <0.01) delay in the appearance 
of nevi in the back skin after tamoxifen induction in Nckap1f/f (Mean±SEM; 61.21±3.12 days; 
n=14 mice) compared to Nckap1wt/wt mice (Mean±SEM; 43.87±2.75 days; n=15 mice) 
(Figure 3A). Nckap1f/f mice also showed delayed progression from naevus to tumor 
(Mean±SEM; 8.66±1.58; n=11 mice) compared to Nckap1 wt/wt (Mean±SEM; 32.67±6.85; 
n=15 mice) and tumor free survival was extended by ~150% in Nckap1f/f compared to 
Nckap1wt/wt (median tumor-free survival from 52 to 78 days) (Figure 3B and Figure S1E). It 
was previously observed that constitutive expression of mutant NRasQ61K in the melanocyte 
lineage led to RAC1-dependent postnatal dermal expansion of melanocytes (Li et al., 2012). 
Given that RAC1 activates Nckap1, we quantified dermal melanocyte clusters from 
Nckap1wt/wt and Nckap1f/f back skin at endpoint (Fig 3C-D). The percentage of pigmented area 
(melanocyte clusters)/mm2 was 14.59±2.07 (mean±SEM) for Nckap1f/f (n=6 mice) which was 
significantly higher (P<0.05) than 8.23±1.59 (mean±SEM) for Nckap1wt/wt (n=8 mice) 
(Figure 3E), indicating that dermal expansion of melanocytes still occurs in Nckap1 
knockouts, but that de-differentiation as demonstrated by Laurette (Laurette et al., 2020) may 
be affected by loss of Nckap1. To further explore the connection between BRafV600E and 
proliferation, we tested the activation status of ERK (Extracellular signal-regulated kinase). 
The number of pERK (p42/44) positive cells/mm2 was similar (P=0.38) between Nckap1f/f 
(mean±SEM; 8.00±1.85; n=6 mice) and Nckap1wt/wt tumors (mean±SEM;11.88±4.02; n=5 
mice) (Figure S2A-C) suggesting NCKAP1 is dispensable for ERK signaling downstream of 
BRafV600E. Due to the delay in tumor appearance and slow growth of tumors, the median 
survival time (endpoint = largest tumor is 1.2cm) of Tyr::CreERT2+;BrafV600E+;Ptenwt/f   mice 
was extended by ~160.9% (median survival from 84.5 to 136 days) upon Nckap1 loss (Figure 
3F) with (P<0.0001) by Log-rank (Mantel-cox) test. Altogether, Nckap1 is dispensable for 
dermal expansion, but plays an important role in naevus formation and progression to 
melanoma tumors. 
 
Nckap1 loss induces fibrosis in Braf V600E PTEN loss-driven melanoma. 

Extracellular ECM also drives tumor progression and metastasis (Hynes, 2009, Lu et al., 
2012, Naba et al., 2016). Collagen is one of the major ECM proteins present in the tumor 
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microenvironment that aids tumor survival and growth (Lu et al., 2012) and high levels of 
collagens correlate with poor outcome in human melanomas (Miskolczi et al., 2018). 
Picrosirius red staining of tumours of identical size range chosen from endpoint mice showed 
a strong deposition of collagen in Nckap1f/f compared to Nckap1wt/wt tumors examined 
(Figure 4A, B). Specifically, the percentage of picrosirius red positive areas/mm2 was 
significantly (P<0.05) increased in Nckap1f/f tumors (mean±SEM; 57.66±9.08; n=6 mice) 
compared to Nckap1wt/wt tumors (mean±SEM; 32.87±5.64; n=7 mice) (Figure 4C and Figure 
S3A-D). We employed two-photon microscopy and second harmonic imaging of freshly 
prepared tumor sections to quantify the total content (homogeneity) and structure of collagen 
(correlation) as previously described (Rath et al., 2017). Intensity profiles were used to 
calculate decay correlation curves using second order statistics (Rath et al., 2017). While 
collagen structure was similar (Figure 4D), Nckap1f/f tumors (n=11) contained substantially 
more collagen than Nckap1wt/wt tumors (n=11) (Figure 4E). TGFβ signaling is important for 
extracellular matrix deposition and fibrosis. Therefore, we asked if TGFβ signaling is altered 
in our tumors. We stained tumors with pSMAD3 (downstream target of TGFβ) and found that 
nuclear pSMAD3 was significantly (p <0.05) elevated in Nckap1f/f (n = 6) compared to 
control Nckap1wt/wt tumors (n = 5) implicating Nckap1 role in a signaling loop involving 
TGFβ (Figure S3E-G).  

Cancer associated fibroblasts (CAFs) are a major source of collagen in the tumor 
microenvironment (Franco et al., 2010), so we assessed the percentage of fibroblasts in the 
tumors using α-SMA (α-smooth muscle actin) staining, but the total α-SMA positive area was 
similar between Nckap1wt/wt and Nckap1f/f tumors (mean±SEM; 39.35±6.285 in Nckap1wt/wt 
n=8 mice; 42.28±6.04 in Nckap1f/f n=8 mice) (Figure 4F). 

Constitutive BRAFV600E expression induces senescence through accumulation of p21, 
p16INK4A, and p53 cell cycle blockers (Dhomen et al., 2009). Therefore, we queried whether 
Nckap1 loss could affect tumor senescence by quantifying p21 positive cells from Nckap1wt/wt 
and Nckap1f/f tumors (Figure S4A-B). The number of p21 positive cells was not significantly 
different between Nckap1f/f tumors (mean±SEM; 42.70±5.14; n=8 mice) and Nckap1wt/wt 
tumors (mean±SEM; 49.71±2.14; n=11 mice) (Figure S4A-C). So, while loss of Nckap1 
enhances fibrosis in the Tyr::CreERT2+;BrafV600E+;Ptenwt/f  melanoma model, it does not drive 
excessive recruitment of α-SMA positive CAFs or hallmarks of an enhanced senescence 
response. 

NCKAP1 engages ECM and links nutrient signals in Braf V600E PTEN loss-driven 
melanoma. 

Cancer cell interactions with the ECM are essential for efficient nutrient sensing and tumor 
growth. In addition, YAP/TAZ transcriptional signaling regulates cell proliferation, 
differentiation, and survival in response to ECM stiffness and is a central tumor driver, 
including in cutaneous melanomas (Miskolczi et al., 2018). We asked if the excessive fibrotic 
matrix in Nckap1f/f tumors might drive YAP activation. Indeed, the percentage of YAP 
positive cells/mm2 was significantly increased (P<0.05) in Nckap1f/f tumors (mean±SEM; 
20.18±3.66 ; n=6 mice) compared to Nckap1wt/wt tumors (mean±SEM; 7.54±1.62; n=6 mice) 
(Figure S5A-C). While the adhesion and oncogenic kinase Src was a candidate driver, the 
number of active Src (pSrc-Tyr416) positive cells/mm2 was significantly (P<0.01) lower in 
Nckap1f/f tumors (mean±SEM; 68.77±10.57, n=7 mice) compared to Nckap1wt/wt tumors 
(mean±SEM; 128.4±15.41, n=7 mice) (Figure S5D-F).  Thus, although nuclear YAP in 
melanomas can be driven by fibrosis associated with loss of Nckap1, this is not accompanied 
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by increased phospho-Src and surprisingly is independent of actin dynamics downstream of 
the SCAR/WAVE complex. 

Mammalian Target of Rapamycin (mTOR) links nutrient availability to tumor growth and its 
activity depends on SCAR/WAVE complex-mediated signaling (Rainero et al., 2015). We 
therefore speculated that NCKAP1 might be required for this signaling connection in our 
melanoma model and measured the activation status of mTOR using an antibody against 
phosphorylated S6 (Ribosomal Protein – Ser235/236), a well-known downstream target of 
mTOR activity. The percentage of pS6 positive cells/mm2 was significantly (P<0.05) lower 
in Nckap1f/f tumors (mean±SEM; 24.30±5.31; n=8 mice) compared to Nckap1wt/wt tumors 
(mean±SEM; 46.90±6.08; n=8 mice) (Figure S6A-C). In summary, NCKAP1 promotes 
tumor growth through linking ECM-adhesion and nutrient signalling to a cell-autonomous 
oncogenic pathway in Tyr::CreERT2+;BrafV600E+;Ptenwt/f driven mouse model for melanoma. 

Nckap1 loss induces HIF1α expression and reduced vascularization in mutant Braf ; 
Pten loss-driven melanoma. 
 
Expression of hypoxia-inducible transcription factor (HIF1α) correlates with fibrosis and 
collagen deposition in cancers (Gilkes et al., 2014). To interrogate whether the increased 
fibrosis observed in Nckap1f/f tumors correlated with HIFα expression, we stained serial 
sections of Nckap1wt/wt and Nckap1f/f tumors for S100 to identify melanoma cells, HIF1α and 
CD31, a marker for blood vessels (Figure 5 A-H). Interestingly, HIF1α expression was 
highly enriched in the stromal cells surrounding S100 positive areas in Nckap1f/f tumors 
compared to Nckap1wt/wt tumors (Figure 5A,B,D,E). Specifically, the percentage of HIF1α 
positive area/mm2 was significantly (P<0.01) higher in Nckap1f/f tumors (mean±SEM; 
41.67±5.58; n=7 mice) compared to Nckap1wt/wt tumors (mean±SEM; 16.82±4.89; n=7 mice) 
(Figure 5G). In addition, the percentage of CD31 positive area/mm2 was significantly 
(P<0.001) lower in Nckap1f/f tumors (mean±SEM; 1.54±0.15; n=9 mice) compared to 
Nckap1wt/wt tumors (mean±SEM; 2.59±0.19; n=9 mice) (Figure 5H). TUNEL (Terminal 
deoxynucleotidyl transferase dUTP nick end labeling) staining for cell death revealed no 
significant change in the TUNEL positive nuclei/mm2 in Nckap1f/f tumors (mean±SEM; 
41.15±10.08; n=5 mice) vs 49.95±11.67 in Nckap1wt/wt tumors (mean±SEM; 49.95±11.67; 
n=5 mice) (Figure 5I-K). Thus NCKAP1 may have a role in regulation of hypoxia due to 
stromal accumulation and reduced vascularity, thereby regulating melanoma growth in the 
Tyr::CreERT2+;BrafV600E+;Ptenwt/f driven model. 
 
Nckap1 loss induces increased immune infiltration in mutant Braf ; Pten loss driven 
melanoma. 
 
We next asked whether the stromal differences, including increased collagen deposition and 
hypoxic signature that correlated with reduced rates of tumor growth in Nckap1f/f tumors were 
associated with an inflammatory response. The total number of CD8+ cells/mm2 was 
significantly (P<0.05) increased in Nckap1f/f tumors (mean±SEM; 328.8±33.11; n=7 mice) 
compared to Nckap1wt/wt tumors (mean±SEM; 174.9±39.73; n=7) (Figure 6A-C). Moreover, 
Nckap1f/f tumors showed a significantly (P<0.01) increased number of CD4+ T-cells/mm2 
(mean±SEM; 20.27±3.50, n=7 mice) than Nckap1wt/wt tumors (mean±SEM; 6.95±2.02; n=7 
mice) (Figure S7A-C). The increased T-cell infiltration also correlated with significantly 
(P<0.01) increased CD3+ cell staining in Nckap1f/f tumors (mean±SEM; 24.79±4.28 from 
n=7 Nckap1f/f tumors; 9.71±1.76 from n=7 Nckap1wt/wt tumors) (Figure S7D-F). Next, we 
investigated the presence of mast cells, a hallmark of an anti-tumor inflammatory response, 



	 8	

using toluidine staining. The total number of mast cells/mm2 was significantly (P<0.01) 
higher in Nckap1f/f tumors (mean±SEM; 26.73±3.31, n=7 mice) compared to Nckap1wt/wt 
tumors (mean ±SEM; 11.07±1.90, n=7 mice) (Figure 6D-F). There was no significant 
difference in the total number of F4/80 positive (macrophage) cells/mm2 in Nckap1f/f 
(mean±SEM; 2574±289.7, n=6 mice) compared to Nckap1wt/wt tumors (mean±SEM; 
2192±450.3; n=6 mice) (Figure 6G-I). We further asked if this increased infiltration of 
immune cells is a result of enhanced cytokine production in the tumors using a mouse 
cytokine array (111 cytokines, Proteome Profiler Mouse XL Cytokine panel, see Methods and 
Figure S8A-D, Table S3). There was no major difference between Nckap1wt/wt and Nckap1fl/fl 

tumors regarding the production of interleukins 2-15 or other pro-inflammatory signal 
mediators detected. The most substantial differences were the relative production of CD93 
(myeloid specific antigen) and Pigment-epithelium derived growth factor (SerpinF1), which 
appeared reduced in Nckap1f/f tumors compared to Nckap1wt/wt controls. In addition, cytokine-
like HGF (Hepatocyte Growth Factor), VCAM-1 (Vascular Cell-adhesion protein), and 
MMP3 (Matrix Metalloproteinase-3) were increased in Nckap1f/f tumors relative to 
Nckap1wt/wt controls (Arrows in Figure S8C). Altogether, our data suggest that genetic loss of 
Nckap1 enhances infiltration of anti-tumor types of immune cells, which may serve to restrain 
the growth of the tumors. 
 
DISCUSSION  
 
The small GTPase RAC1 is an important driver of cutaneous melanoma and other cancers 
(Halaban, 2015). However, RAC1 has not proven to be a druggable target, so exploration of 
its upstream activators and downstream effectors may help to identify new targets. 
Previously, RAC1 was shown to be important for dermal melanocyte survival and 
proliferation, as well as tumor progression and metastasis in an NRasQ61K driven genetic 
model (Li et al., 2012). RAC1 is a major upstream regulator of NCKAP1; a member of the 
SCAR/WAVE complex and is frequently mutated to an activated state (P29S mutation) or 
overexpressed in human melanomas (Li and Machesky, 2013). We thus explored the potential 
role of the WAVE complex subunit NCKAP1, in BRAF V600E/ PTEN loss driven melanoma. 
While NCKAP1 is not apparently amplified or altered in melanomas (e.g. cBioportal TCGA 
data, analysis not shown), it is a crucial effector of Rac1 mediating actin dynamics and may 
be regulated at the level of activation rather than gene expression in melanomas. Deletion of 
NCKAP1 in a mouse model of BRAF PTEN loss driven melanoma delayed nevus formation 
and tumor progression but did not slow dermal expansion of melanocytic cells. 
 
RAC1 is widely implicated in cell cycle progression in melanoma and other cancers (Molinie 
et al., 2019). We previously identified a role of RAC1 (in vivo) and the WAVE complex (in 
cell culture) in the migration of melanoblasts (Li et al., 2012), but little is known about a 
possible role for WAVE complex or the subunit NCKAP1 in cell cycle progression in cancer. 
Here, we implicate NCKAP1 in onset of naevus and melanoma development and cyclin D1 
expression leading to cell cycle progression. Recently, it was published that branched actin 
downstream of WAVE complex was essential for cell cycle progression, further supporting 
the idea that positive feedback between RAC1 and its downstream targets could contribute to 
tumor progression (Molinie et al., 2019). We additionally saw an increase in nuclear 
pSMAD3 in Nckap1 knockout tumours, indicating a possible involvement of TGF-β 
signaling pathway.  This could indicate a positive role for NCKAP1 in a Rac1 signaling loop 
driving cell cycle progression, as Rac1 signaling depends on PI3K, which is known to drive 
nuclear cyclin D1 and cell cycle progression (Bailey et al., 2017, Lionarons et al., 2019).  
Another factor in driving cell cycle progression might be via mTOR, which is important for 
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tumor growth in the Braf Pten mouse melanoma model (Damsky et al., 2015). 
Phosphorylation of ribosomal S6 protein was reduced in Nckap1f/f in agreement with the 
previously reported role for NCKAP1 mediated actin-polymerization in cellular growth and 
migration through nutrient sensing by integrin endocytosis (Rainero et al., 2015). Thus, 
NCKAP1 likely promotes melanoma tumor growth through adhesion-mediated cyclinD1 
expression and nutrient sensing.  
 
Loss of Nckap1 in mutant Braf;Ptenfl/wt tumors induced a highly fibrotic phenotype as shown 
by Picro Sirius Red staining and 2-photon confocal analysis of the collagen organization in 
tumours, with enhanced infiltration by tumor suppressive immune cells. This is also 
consistent with increased pSMAD3 in Nckap1 knockout tumours and a recent study 
implicated the mechanosensitive transcription co-factor YAP in melanoma progression and 
described a split role for Yap downstream of TGF-β signaling in tumor differentiation 
(Miskolczi et al., 2018).  In the presence of increased stromal collagen and high TGF-β, 
SMAD and YAP-TEAD complexes led to dedifferentiated slow cycling tumors, while in the 
absence of TGF-B YAP-PAX3 signaling drive MITF high differentiated and proliferative 
tumors (Miskolczi et al., 2018). This is particularly interesting, as we also observed high 
levels of nuclear YAP in the Nckap1 knockout tumors, which were enriched with stromal 
collagen. Those tumors also displayed hallmarks of differentiation such as increased melanin 
staining (e.g. see Figure 1E, F), but they were not proliferative. We thus implicate NCKAP1 
in cell cycle progression leading to high levels of proliferation in this pathway, likely driven 
by YAP-PAX3. The mechanism of collagen accumulation in NCKAP1 tumors is not clear, 
but could involve a role of NCKAP1 in MMP secretion (e.g. Figure S8C) or a feedback loop 
related to the enhanced immune cell recruitment that we observed. 
 
The growth changes in NCKAP1 depleted tumours were accompanied by excessive fibrosis 
and accompanying increased Yap signaling. Fibrosis is observed in the rare desmoplastic type 
of melanoma (DeWane et al., 2019) and also in other cutaneous melanoma types during 
acquisition of resistance to BRAF inhibitors and is associated with activation of the Yap/Taz 
and MRTF transcriptional pathways (Girard et al., 2020). BRaf-resistant melanomas can 
develop a “drug-protective” stroma (Girard et al., 2020) that activates Yap-dependent growth 
pathways and protects tumour cells from exposure to inhibitors. We have not assessed the 
drug resistance of NCKAP1 depleted tumours, but it would be interesting to know if they 
exhibit similar dedifferentiation e.g. MITFlow/AXLhigh status (Girard et al., 2020) similar to 
BRAF inhibitor-resistant melanoma cells. Desmoplastic melanomas commonly arise on sun-
damaged skin and can present as amelanotic masses with two main subtypes, depending on 
the percentage of spindle-shaped cells (Yang and Mahalingam, 2020). NCKAP1-depleted 
tumours superficially resemble desmoplastic melanomas in their high levels of fibrosis and 
spindle-shaped cells (DeWane et al., 2019), but it would be interesting to compare gene 
expression signatures to see whether they are similar at the level of gene expression. 
However, there is almost no data on desmoplastic melanoma gene expression signatures, 
likely due to the rarity of this tumour. 
 
Nckap1 depleted tumors were not only fibrotic, but also showed enhanced infiltration of 
CD4+, CD8+ and mast cells, perhaps representing an anti-tumor response and contributing to 
slow growth. CD4+ and CD8+ are anti-tumour T-cells, which might be keeping these tumours 
in check. NCKAP1 antagonism could thus be desirable to boost the anti-tumour immune 
response, if suitable inhibitors of its activity were developed. Mast cells have an unclear role 
in cutaneous melanoma, with some reports showing increased numbers of mast cells in naevi 
over melanomas and other showing the opposite (Mignogna et al., 2017).  Mast cells carry 
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granules of inflammatory mediators such as histamine, heparin and cytokines and have roles 
in innate and acquired immunity.  They can modulate the activity of macrophages and could 
have both tumour provoking and tumour opposing roles (Komi and Redegeld, 2020). 
 
Cutaneous melanomas with activating BRaf mutations occur in approximately 50% of 
patients and can be treated with targeted therapies such as a BRaf/MEK inhibitor 
combination, which gives more than a 75% response rate, but also a high rate of 
relapse(Rebecca et al., 2020).  Immune therapies, such as anti-PD-1 and anti CTLA-4 
antibodies are also useful against metastatic cutaneous melanoma, but the response rate is less 
than 40% of patients (Rebecca et al., 2020).  Targeting NCKAP1, or a component of the actin 
machinery downstream of Rac1 would be challenging, but might boost the anti-tumour 
immune response and slow tumour growth. There is no evidence that NCKAP1 or other 
members of the Scar/WAVE complex are upregulated at the level of gene expression or 
mutated in melanomas, but it is likely that the activity of the Scar/WAVE complex is 
upregulated in melanomas, especially those with Rac1 activating mutations. 
 
In summary, we have shown that NCKAP1, a subunit of the Scar/WAVE complex and a Rac1 
target effector complex, is critically important for the formation of naevi and tumours in a 
mouse model of BRAFV600E; PTEN loss melanoma. Tumours depleted of NCKAP1 show 
enhanced fibrosis, likely due to increased TGFβ signaling (nuclear phospho-SMAD3) and 
greatly decreased cell cycle progression, as measured by cyclinD1 activity (Figure S9). Our 
study places NCKAP1 and the Scar/WAVE complex as a crucial link in what is likely a 
feedback loop with active Rac1, which is also crucial for cell cycle progression in 
melanoblasts (Li et al., 2011) and NRasQ61K;INK4a-/- melanoma in mice (Li et al., 2012).  It is 
perhaps surprising that actin dynamics downstream of Rac1 activation are likely to be crucial 
for cell cycle progression, but this is in agreement with (Molinie et al., 2019) who showed a 
role for branched actin produced by Arp2/3 in cell cycle progression. The mechanism by 
which immune cells are recruited to NCKAP1 deficient tumours is unknown, as we did not 
detect an abundance of any pro-inflammatory cytokines in the tumours, but this could be 
further investigated using methods such as transcriptional profiling of the tumours to see 
which pathways might be affected by NCKAP1 loss. Clearly, more studies are needed to 
determine whether this feedback loop between Rac1- Scar/WAVE and cell cycle progression 
could be broken with inhibitors, to slow tumour growth and possibly to enhance immune 
infiltration. 
 
Materials and Methods 
 
Transgenic mice and genotyping 
 
All experiments were performed according to UK Home Office regulations and in compliance 
with EU Directive 2010/63 and the UK Animals (Scientific Procedures) Act 1986. All 
protocols and experiments were previously approved by the Animal Welfare and Ethical 
Review Body (AWERB) of the University of Glasgow and were accompanied by a UK Home 
Office project licence to the corresponding author (PE494BE48). Nckap1f/f mice generation 
and genotyping are described in Supplementary Materials online. 
 
Statistical analysis 
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All values expressed as mean ± SEM and statistical analysis was performed using Prism8 
(GraphPad). Unpaired t-test was used to find significance between two groups. The LogRank 
(Mantel cox) test was used to calculate survival distribution between samples. 
 
Supplementary methods 
 
Transgenic mice generation and genotyping 
The Nckap1 flox mouse strain was created using a targeting vector (PG00182_Z_4_C05) 
obtained from the EuMMCR (European Mouse Mutant cell Repository) (www.eummcr.org) 
and generated by the IMPC/HMGU consortium for the The European Conditional Mouse 
Mutagenesis Program (EUCOMM). The targeting vector was linearised and transfected into 
HM1 mESCs (Magin et al, 1992). Cells were selected with G418 (350 µg/ml) and surviving 
colonies were picked and screened for targeting by long range PCR (using the Roche Expand 
Long Template PCR System) from the lacZ/Neo-resistance cassette to sequences beyond the 
ends of the homology arms. Correct targeting of Nckap1 was confirmed on DNA extracted 
from the ES cell clone by PCR on the 5’ side 
(CAGCAAGACCTGTCATAGATCTTATCCAAC and 
CACAACGGGTTCTTCTGTTAGTCC; 6.5kb) and on the 3’ side 
(TCTATAGTCGCAGTAGGCGG 
and CATGTTGTCCGCGTGACGGAGCAGC; 5.3kb). The presence of the isolated 3’ loxP 
site was also confirmed by PCR (GGGGTTAGAGAGTTGATCACATTG and 
GAGACGTACCTGCCTCTGTCC; 398bp). 
Following identification of correctly targeted clones, mouse lines were derived by injection of 
ES cells into C57BL/6J blastocysts according to standard protocols (Nagy et al. 2003). After 
breeding of chimeras, germline offspring were identified by coat colour and the presence of 
the modified allele was confirmed with the 3’ loxP primers described above. Mice were 
subsequently crossed with a mouse line expressing Flpe (Tg(ACTFLPe)9205Dym) to delete 
the selectable marker by recombination at the FRT sites (Rodriguez et al. 2000). Correct 
removal of the lacZ gene and Neo cassette was confirmed by PCR across the remaining FRT 
site (TGAGCTTTCACTCCCTCACC and; GCAACAACCTCCATCACTGG; 566bp). 
 
Primers used for genotyping 
The presence of floxed alleles was confirmed by PCR across the FRT site 
(CTCTCTTGTCTACTGTGCAG and; CAAGAAACTTCGGTGTGATTT; 395bp) and the 
efficiency of recombination was confirmed by PCR across the floxed site 
(CTCTCTTGTCTACTGTGCAGG and; CTCGTAGACCAAACTAGCCTCAAG; 460bp). 
See Figure S1A-D.  
 
Generation of transgenic melanoma model 
The Nckap1 floxed mice are in C57BL/6J mixed background and show no phenotype in the 
absence of Cre. Tyrosinase Cre-ERT2 (Tyr::Cre-ERT2) mice were previously described 
(Yajima et al, 2006). The Braf CA (BrafV600E+/0) mice were described in (Dankort et al, 
2007) and PTEN (Ptenf/f) floxed allele was described previously (Dankort et al, 2009). The 
Nckap1 floxed mice were bred with animals under the genetic background Tyr::Cre-
ER+/0;BrafV600E+/0;Ptenwt/f to obtain Tyr::Cre-ER+/0;BRafV600E+/0;Ptenwt/f; Nckap1 wt/wt 
(WT controls) Tyr::Cre-ER+/0;BrafV600E+/0;Ptenwt/f;Nckap1fwtf and Tyr::Cre-
ER+/0;BrafV600E+/0;Ptenwt/f;Nckap1f/f animals. Genotyping of the cohort was performed as 
described previously (Yajima et al., 2006, Dankort et al, 2007, Dankort et al, 2009) and by the 
company Transnetyx Inc (Memphis, TN, USA). 
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Transgene induction and animal monitoring 
Mice were induced by application of 200 µl of 2 mg/mL Tamoxifen (SIGMA – T5648) on the 
back skin of the animals after shaving. The induction regime was continued for five 
consecutive days. Animals were closely monitored for the formation of visible naevus (black 
spots) on the back skin and the date is logged. Tumors were measured three times a week and 
animals were sacrificed at endpoint (tumor size 1.2 cm diameter). Tumor volume was 
calculated by the formula: V = W (2) x L / 2 where V is volume, W-width and L-Length of 
the tumor. 
 
Preparation of tumor lysates  
Tumor samples were weighed and equivalent amount of tumor pieces for each sample were 
lysed in RIPA (50 mM Tris-HCL, 150 mM NaCl, 1% NP-40 v/v and 0.25% w/v Na 
deoxycholate) with Halt protease inhibitor cocktail (Thermofisher A32963) and Halt 
phosphatase inhibitor cocktail (Thermofisher 78428) for 10 min on ice. Tumor samples were 
then homogenized with electronic homogenizer (Precellys24, Stretton Scientific Ltd) and 
clarified at 10,000g using centrifugation (40C). 
  
Cytokine analysis 
Protein concentrations from tumor lysates were measured using Precision Red Advanced 
Protein Kit (Cytoskeleton, Inc). The Cytokine Array (Proteome Profiler Mouse XL Cytokine 
Array ARY028, R&D systems) was incubated overnight (40C) with equivalent amount of 
protein lysates from different genotypes and the membrane was processed according to 
manufacturer’s instructions. The pixel intensity of the Cytokine spots was calculated 
according to the manufacturer’s instructions using Image J and relative intensity values were 
plotted using Prism 8 (GraphPad software). 
 
BrdU incorporation and in vivo proliferation assay 
In vivo proliferation levels of tumors were measured using bromodeoxyuridine (BrdU) 
incorporation assay. Briefly, mice were injected with 250 µl of BrdU (Amersham 
Biosciences, NJ, USA) when the tumors reach endpoint (1.2 cm) and sacrificed after 2 hrs. 
Immunohistochemical staining for BrdU was then performed using an anti-BrdU antibody 
(BD Bioscience, Oxford, UK). 
 
Immunohistochemistry 
 
Formalin-fixed paraffin-embedded (FFPE) sections were deparaffinised and rehydrated by 
passing through xylene and graded alcohol as previously described (Li et al., 2012b). Antigen 
retrieval was performed on board a PT module (Dako,) where FFPE sections were heated  to 
97C for 20 mins in citrate buffer (Thermo, UK). Sections were loaded onto and staining took 
place on a Dako Autostainer. Sections were initially rinsed with Tris Buffered Tween (TbT) 
before application of peroxidase block (Dako) for 5 min. Sections were rinsed  with TbT and 
then incubated with Brdu primary antibody for 40 mins or other primary antibody for 
2hr.  Sections were rinsed with TbT and then mouse EnVison (Dako) secondary antibody was 
applied for 30 mins before rinsing with TbT and application of Liquid DAB (Dako) for 10 
mins to visualise antibody-antigen interaction. The sections were then counterstained with 
haematoxylin, nuclei blue'd, washed in water before dehydrated, cleared and permanently 
mounted with DPX.  Images were taken using Olympus BX51 microscope and/or sections 
were scanned using Autoscanner (BioRad). The scanned images were processed and analysed 
using HALO Image Analysis Software (Indica Labs). 
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FIGURE LEGENDS 
 
FIGURE 1. Loss of Nckap1 delayed the onset and development of melanoma. 
 
(A-B) Representative images of induced melanoma in Nckap1wt/wt and Nckap1 f/f mice with 
the genetic background Tyr::CreER T2+;Braf V600E+;Ptenwt/f at 56 days (8 weeks) post 
tamoxifen induction. Arrows point to nevi. (C) Number of primary tumors per mouse upon 
Nckap1 loss (n=14 Nckap1wt/wt and n=16 Nckap1 f/f mice) (D) Tumor burden (tumor volume 
(mm3)) upon Nckap1 loss (n=14 Nckap1wt/wt and n=16 Nckap1 f/f mice).  (E-F) Representative 
images from Haematoxylin & Eosin (H&E) staining of tumors from Nckap1wt/wt and Nckap1 f/f 
mice. Scale bars are 500 µm. All error bars show Mean ± SEM. Tumor size is in mm3. 
Unpaired t-test. **P <0.01: ****P<0.0001.  
 
FIGURE 2. Nckap1 is important for cell cycle progression and tumor growth. 
 
(A) Quantification of percentage of BrdU positive nuclei/cells from Nckap1wt/wt (n=5 mice) 
and Nckap1 f/f (n=5 mice) endpoint tumors under the genetic background Tyr::CreER T2+;Braf 
V600E+;Ptenwt/f and after a 2hrs BrdU pulse. (B) Representative images from BrdU staining. 
(C) Quantification of percentage of ki67 positive nuclei/cells from Nckap1wt/wt (n=5) and 
Nckap1 f/f (n=7) tumors from separate mice. (D) Representative images of ki67 staining. (E) 
Quantification of cyclinD1 positive nuclei/cells from Nckap1wt/wt (n=8) and Nckap1 f/f (n=8) 
tumors from separate mice. (F) Representative images of cyclinD1 staining. (G) Tumor 
growth curves of Nckap1wt/wt (n=7) and Nckap1 f/f (n=7) mice. All error bars show Mean ± 
SEM. Tumor size is in mm3. Unpaired t-test. *P<0.05: **P <0.01: 
***P<0.001:****P<0.0001:ns = not-significant. Scale bars are 100 µm.  
 
FIGURE 3. Nckap1 is dispensable for dermal expansion but essential for melanoma 
progression. 
 
(A) Days to naevus formation from Nckap1wt/wt (n=15 mice) and Nckap1 f/f (n=14 mice) (B) 
tumor formation in Nckap1wt/wt (n=15 mice) and Nckap1 f/f (n= 11 mice) skin post-tamoxifen 
induction under the genetic background Tyr::CreER T2+;Braf V600E+;Ptenwt/f. 
(C-D) H&E staining showing pigmented lesions from Nckap1wt/wt and Nckap1 f/f end-point 
skin. Arrows – dermal lesions. (E) Quantification of pigmented dermis lesions from 
Nckap1wt/wt (n=8 mice) and Nckap1 f/f (n=6 mice) end-point skins post-tamoxifen induction. 
(F) Kaplan-Meier survival curve of mice with the indicated genotypes, Nckap1wt/wt (n=16 
mice), Nckap1f/wt (n=12 mice) and Nckap1 f/f (n=21 mice) under the genetic background of the 
Tyr::CreER T2+;Braf V600E+;Ptenwt/f following local administration of tamoxifen. Log-Rank 
(Mantel-Cox) test of survival plot revealed a significant difference (p<0.0001) between 
Nckap1wt/wt and Nckap1f/f genotypes. All error bars show Mean ± SEM. Unpaired t-test. 
*P<0.05; **P <0.01; ***P<0.001. Scale bars are 200 µm.  
 
FIGURE 4. Nckap1 loss promotes fibrosis in melanomas. 
 
Representative images of Picro Sirius Red staining from Nckap1wt/wt (A) and Nckap1 f/f (B) 
end-point tumor sections under the genetic background of Tyr::CreER T2+;Braf V600E+;Ptenwt/f. 
(C) Quantification of percentage Picro Sirius Red positive area/mm2 from Nckap1wt/wt (n=7) 
and Nckap1 f/f (n=6) end-point tumor sections from separate mice. (D-E) Decay curves of 
collagen structure (correlation) (D) and abundance (homogeneity) (E). Values are average 
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intensity± SEM (y-axis) as a function of distance (µm, x-axis) from tumor sections of 
Nckap1wt/wt (n=11) and Nckap1 f/f (n=11) mice quantified using two-photon microscopy. (F) 
Percentage of a-SMA positive area/mm2 in Nckap1wt/wt (n=8) and Nckap1 f/f (n=8) tumors 
from separate mice. All error bars show Mean ± SEM. Unpaired t-test. ns = not-significant. 
Scale bars are 100 µm. 
 
FIGURE 5. Increased expression of HIF1α and reduced vascularization upon Nckap1 
loss. 
 
Serial sections of Nckap1wt/wt stained for (A) S100, (B) HIF1α and (C) CD31. Inset shows 
magnification of area pointed by an arrow. (D-F) Nckap1 f/f serial sections showing (D) S100, 
Tumor cells indicated by asterisk (E) HIF1α and (F) CD31. Nckap1wt/wt and Nckap1 f/f mice 
are under the genetic background of Tyr::CreER T2+;Braf V600E+;Ptenwt/f. (G) Quantification 
showing percentage of HIF1α positive areas/mm2 from Nckap1wt/wt (n=7) and Nckap1 f/f (n=7) 
tumors from separate mice. (H) Quantification of CD31 positive areas/mm2 from Nckap1wt/wt 
(n=9) and Nckap1 f/f (n=9) tumors from separate mice. (I-J) Representative images of TUNEL 
(cell death) staining in Nckap1wt/wt and Nckap1 f/f mice. Insets show magnification. (K) 
Quantification of TUNEL positive nuclei/mm2 from Nckap1wt/wt (n=5) and Nckap1 f/f (n=5) 
endpoint tumors from separate mice. All error bars show mean ± SEM. Unpaired t-test. **P 
<0.01; ***P<0.001; ns = not-significant. Scale bars are 100µm. 
 
FIGURE 6. Nckap1 loss enhances immune infiltration in melanoma. 
 
(A-B) Representative images from anti-CD8 (T-cells) staining from Nckap1wt/wt and Nckap1 f/f 
tumors under the genetic background of Tyr::CreER T2+;Braf V600E+;Ptenwt/f. (C) 
Quantification of CD8 positive cells/mm2 of Nckap1wt/wt (n=7) and Nckap1 f/f (n=7) tumors 
from separate mice. (D-E) Representative images of toluidine blue (mast cells) staining from 
Nckap1wt/wt and Nckap1 f/f tumors. (F) Quantification of toluidine blue positive cells/mm2 
from Nckap1wt/wt (n=7) and Nckap1 f/f (n=7) tumors from separate mice. (G-H) Representative 
images of of F4/80 positive cells (macrophages) staining from Nckap1wt/wt and Nckap1 f/f 
tumors from separate mice. (I) Quantification of F4/80 positive cells/mm2 from Nckap1wt/wt 
(n=6) and Nckap1 f/f (n=6) tumors from separate mice. All error bars show mean ± SEM. 
Unpaired t-test. *P <0.05: **P<0.01: ns = not-significant. Scale bars are 100 µm. 
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